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ABSTRACT 
When complementary fragments of an imaginal disc of 
Drosophila are cultured for several days prior to induc-
ing metamorphosis, usually one fragment will regenerate 
while the second duplicates (Bryant, 1978a)0 In this 
thesis the mechanism of pattern regulation in the wing 
disc (dorsal mesothoracic disc) has been investigated. 
To establish the location of cells which proliferate 
during pattern regulation, and thus determine if regula-
tion is epimorphic, wing disc fragments were cultured 
in adult females for one to five days and then exposed 
to 3H-thymidine to label cells replicating their DNA. 
Wing discs, both whole. and. as fragments, undergo some 
DNA replication which is distributed throughout the disc, 
but fragmented discs frequently •show clusters of labelled 
nuclei around the wound, indicating that regulation is 
probably epimorphic 0 
It has been proposed that wound healing plays an 
important part in disc regulation (French et al. 1976; 
Reinhardt et a10 1977) by initiating cell proliferation 
and determining the mode of regulation. An attempt was 
made to delay the wound healing process by leaving a 
region of dead cells between the wound edges. In cut 
fragments wound healing occurred during the first two 
days of culture and pattern regulation during days two 
to five of culture. Leaving a region of dead cells 
between the wound edges delays both wound healing and 
VIII 
pattern regulation by two days, suggesting that the first 
is required for the second. However, delaying wound 
healing does not delay the localization of labelled 
nuclei, indicating that wound healing may not be required 
to initiate DNA replication. 
A wing disc fragment was found (CADH fragment) in 
wh\ch ( both the mode of wound healing and the mode of 
t 	was variable. 
/ Two modes of wound healing were observed, regular the 
two wound edges heal with each other, and irregular 
each wound, edge heals with itself (Reinhardt et al. 1 977) 
When cultured separately fragments that healed regularly 
regenerated, while fragments that healed irregularly 
duplicated. This suggests that the mode of wound healing 
determines the mode of patteri regulation. The analysis 
of several fragments in which both wound healing and 
pattern regulation were variable confirms this view. 
Pattern regulation was analysed in nineteen types of 
complementary wing disc fragments. In fourteen types 
the frequency of regeneration, duplication and regenera-
tive duplication in one fragment was complementary to 
that in the second fragment, a result consistent with 
the rule of complementarity (Bryant, 1971; 1974)0 
However, pattern regulation in the remaining five types 
of fragment was inconsistent with this rule. In these 
latter fragments the failure of complementarity could 




Holometabolous insects such as Drosophila have a life 
cycle consisting of four distinct phases: embryonic, 
larval, pupal and adult. During embryogenesis most cells 
differentiate into the larval organism, but a small group 
of cells are set aside which remain essentially embryonic 
until the pupal stage. These small groups of cells are 
the progenitor cells of the adult organism. The progen- 
itor cells of the adult abdomen and internal organs 
remain in intimate contact with the larval epidermis, 
'--'____wjiereas those of the adult head, thorax and terminalia 
invaginate into the larval haemocoel, remaining in cont -
act with the larval epidermis by means of a thin stalk. 
These adult progenitor cells are known as imaginal cells 
and imaginal discs respectively. The location of these 
tissues in the larva is shown in fig. 1010 During larval 
development the larval and imaginal tissues grow in very 
different ways, the former by increasing cell volume, 
the latter by cell division. In response to the insect 
steroid hormone 20-hydroxyecdysone, larval tissues are 
destroyed during metamorphosis and replaced by differen- 
tiating imaginal tissues to form the adult organism. 
In recent years the imaginal discs of Drosophila have 
been a popular system for the study of many developmental 
problems, since they posses many features which make them 
ideal for these studies. Some of these are listed below. 
1) They are physically distinct from larval tissue and 
are readily identified both by position and morphol-
ogy (Poodry, 1980) 
Figs 101 
Schematic representation of the larval organization 
and the location of the different discs. Discs and their 
corresponding adult derivatives are connected by lines 
and given the same hatching or shading. 













They secrete several cuticular structures (e0g0 hairs, 
bristles, SClerites, sensillae) the relative posit-
ion and abundance of which are characteristic of each 
disc (Hodgkin and Bryant, 1 978) 	Such is the intri- 
cacy of the patterns produced by these structures 
that individual parts of the pattern can be separately 
recognized 	with a high degree of resolution (Bryant, 
1978a) 
There is a temporal separation between determination 
and differation which allows them to be analysed 
separately. Imaginal discs become determined during 
embryonic and larval development but their final 
differentiation does not occur until the pupal stage, 
when metamorphosis begins. Determination is the 
process of programming a population of cells for a 
specific pathway of development by "singling it out 
from among the various possibilities for which a 
cellular system is competent" (Hadorn, 1965) 	Diff- 
entiation is the appearence of the morphological 
and biochemical properties characteristic of a given 
cell type (Gehring, 1 978) 
Imaginal discs can be easily isolated and implanted 
into the body cavity of a host animal (Ursprung, 197) 
This means they can be dissected from a donor larva, 
surgically manipulated, and then implanted into anoth-
er larva where they will undergo metamorphosis with 
the host. The outcome of the surgical operation can 
3 
then be evaluated after recovering the differentiated 
disc from the body cavity of the metamorphosed host. 
Fragments of the imaginal discs can be implanted into 
the abdomen of an adult female host, in such an enviro 
ment growth and pattern regulation occurs but differ-
entiation does not. Differentiation can be induced 
by transplanting the disc fragments back into a 
larval host where they undergo metamorphosis as indi-
cated above (Bryant, 1978a)0 	Alternatively the 
implant may be transplanted into another, younger 
adult host. By repeatedly subculturing in this way, 
tissue from a single imaginal disc can be grown for 
several years and transplantation back into larvae 
has shown that such tissue usually retains the ability 
to differentiate adult structures (Hadorn, 1978) 
In vitro culture techniques allow imaginal discs to 
be maintained in an undifferentiated state from sev-
eral days to several weeks (Martin and Schneider, 
1978; Davis and Shearn, 1977) 	The addition of ecd.- 
ysone or 20hydroxyecdysone to the culture medium 
causes the discs to differentiate, allowing detailed 
morphological and biochemical studies of morphogene-
sis to be undertaken (Siegal and Fristom, 1978; 
Milner, 1980) 
Many mutations causing abnormal imaginal disc devel-
opment have been isolated (Lindsley and Grell, 1968) 
The rationales aims and some of the results of this 
kind of analysis have been presented by Shearn (1978) 
Recombinant DNA technology means that it is now 
possible to study some of these mutated genes at the 
molecular level, which may provide some insight into 
their role during development (Marx, 1981) 
8) Several techniques have been developed which allow 
genetic mosaics to be produced, allowing one to mark 
all the surviving descendants of a single cell, a 
clone, and to analyse their spatial relationships to 
each other. In this way information on the roles of 
cell migration, cell death, local cell division rates, 
orientationcf mitoses and restrictions in the devel-
opmental potential of cells during development can 
be obtained (Nöthiger, 1972; Postlethwait, 1978a)0 
There are two commpnly used methods for marking cells, 
both of which use the principle of making the daugh-
ters of a heterozygous cell, which carries a recess-
ive marker gene, homozygous or hemizygous so that 
its progeny will exhibit the marker trait. The two 
techniques are chromosome elimination (gynandromorphs: 
Hall et a10 1976) and mitotic recombination (Becker, 
1 976) 
11 Pattern Formation. 
The problem of pattern formation, as usually stated, 
is one of assigning specific states to a population of 
identical cells, such that a well defined, species-typical 
array of structures is differentiated (Wolpert, 1969; 
	
1 971) 	Over the last decade ideas and problems in patt- 
ern formation have generally been framed in terms of 
Wolperts concept of positional information, the major 
points of which are: 
all the cells within a developmental system have their 
positions specified with respect to the same set of 
spatial coordinates, which assigns a unique positional 
value to each cell; 
the same set of spatial coordinates (or at most a few) 
defines position within all developmental systems; 
a cell differentiates according to its positional 
value in conjuction with its developmental history 
and genomic constitution. 
The nature of the spatial coordinates which specify 
positional information is unknown although many models have 
been proposed, some of which will be discussed below. 
Classical embryology has led to the concept of a dev-
elopmental field (Weiss, 1939; Waddington, 1956; 1966) 
This term is used to emphasize that the final pattern of 
a developmental system is generated by integrating a 
whole complex of processes, suggesting a definition of 
the field concept in terms of positional information. 
A positional field is defined as "that region in which 
all the cells have their positional information specified 
with respect to the same" spatial coordinates (Wolpert, 
1969) 	Operationally a field is defined with respect to 
pattern regulation (Waddington, 1956;  1966) and is a 
unit which can reconstitute itself after parts are rem 
oved0 However, it should be borne in mind that a regul-
ative field and a positional field may not be identical 
(Bryant, 1978a; Lawrence and Morata, 1979a)0 
12 Embryonic Pattern Formation. 
In many insects, including Drosophila, surgical exper-
iments performed on the preblastoderm embryo indicate 
that specification of the segmental body pattern requires 
communication between the two poles (Sander, 1976; Schub-
iger and Wood, 1977; Schubiger and Newman, 1982) 	These 
-experiments suggest that the preblastoderm embryo is a 
single developmental field in which positional informat-
ion is specified by a number of continuous morphogenetic 
gradients (Sander, 1976; Meinhardt, 1977) 	Several 
mutations have been isolated in Drosophila which appear 
to affect the specification of positional information 
within this embryonic field. Two of these mutations, 
bicaudal (Bull, 1966; Nüsslein-Volhard, 1 977; 1979) and 
diceDhalic (LohsSchardin and Sander, 1976; Lohs-Schard= 
in, 1982), disturb the anterior-posterior axis, the 
first replacing anterior segments with a mirror-image 
duplicate of posterior segments and the second replacing 
posterior segments with a mirror-image duplicate of ant-
erior segments. A third mutation, dorsal, disturbs the 
dorsal-ventral axis, replacing ventral structures with 
dorsal structures (Nüsslein-Volhard, 1979; Nflsslein-Vol.. 
hard et a10 1980) 	The phenotypes of these three mutat- 
ions are consistent with positional information being 
specified by a two-dimensional orthogonal coordinate 
7 
system involving continuous gradients of two or more 
morphogens (Sander, 1976; Nüsslein-Volhard, 1979) 
Several lines of evidence indicate that the single 
embryonic field is replaced by several homologous, segm-
entally repeated secondary fields and that this occurs 
at the blastoderm stage of embryogenesis (Lawrence, 1 973; 
1981; Gehring, 1978; Bownes, 1982) 	At this stage each 
segment appears to be identical (Lawrence and Morata, 
1979b), but later in development they diversify and each 
differentiates a characteristic cuticular pattern (Lohs= 
Schardin et a10 1979a,b; Hodgkin and Bryant, 1978) 
Diversification of these segments is believed to be cont-
rolled by two complex loci, the bithorax complex and 
the Antennapedia complex (Lewis, 1978; Kaufman et al. 
1980; Duncan and Lewis, 1981) 	It is suggested that the 
individual genes within these complex loci are differe.n 
tially regulated alongthe body axis, so that each segm-
ent is characterized by a unique subset of active genes 
(Lewis, 1978; Duncan and Lewis, 1981) 	The activity of 
these complex loci probably creates a memory of position-
al information in the transient embryonic field and gov-
erns the differential response of segments to the homolo-
gous, segmentally repeated positional information (Russ-
ell and Hayes, 1980) How the transient positional infor-
mation of the embryonic field is translated into its 
stable genetic memory is unclear but it seems that several 
other unrelated genes are involved, e0g0 extra sex combs, 
Polycomb and Regulator of bithorax (Duncan and Lewis, 
1981; Struhl, 1981a)0 
13 Development of Imaginal Discs. 
All the available evidence indicates that during early 
embryogenesis, probably at or just after cellular blasto-
derm formation, the progenitor cells of the adult integ -
ument, the imaginal discs, are set aside in small groups 
of 6=40 cells (NOthiger, 1972; Gehring and Nöthiger, 1973; 
Merriam, 1978; Postlethwait, 1978a)0 In the three 
thoracic segments only a single anlage is initially 
present in each half segment, which eventually separates 
into two anlage, one ventral and the other dorsal. This 
has been observed histologically in the Queensland fruit 
fly, Dacus tryoni (Anderson, 1963), and by clonal analysis 
in Drosophila melanogaster (Wieschaus and Gehring, 1976; 
Steiner, 1976; Lawrence and Morata, 1977) 	In Drosophila 
the anlage of the imaginal discs first become morpholog-
ically recognizable in the late embryo or early in the 
first larval instar, by which time there is a separate 
anlage for each disc (Auerbach, 1936; Poulson, 1950; 
Lauge, 1967) 	During larval development, at a time 
characteristic for each disc, the cells of the imaginal 
discs begin to proliferate, being first observed in the 
eye disc 1214 hours into the first larval instar (Madha-
van and Schneiderman, 1977) For the remainder of larval 
development proliferation is generally logarithmic with 
cells dividing approximately every eight hours (Nothiger, 
1972; Postlethwait, 1 978a)0 
As development proceeds the imaginal discs invaginate 
to form sac-=like structures which remain attached to the 
larval epidermis via a narrow stalk One side of the 
IPA 
sac develops into the columnar epithelium which, during 
metamorphosis, will secrete the adult cuticle, whereas 
the other side of the sac develops into the squamous 
peripodial membrane. The function of the peripodial 
membrane is unclear, it may differentiate some adult 
cuticle (Sprey and Oldenhave, 1974; Guillermet and Mand-
aron, 1980; Haynie, pers. comma; Milner, pers0 comm.) 
and in the eye.antennal disc it appears to be required 
for morphogenesis (Milner et a10 1982) 	During the 
third larval instar a combination of localized cell 
proliferation and orientated mitoses throws the cells of 
the columnar epithelium, but not the peripodial membrane, 
into a number of characteristic folds which enable each 
disc to be identified (Vijverberg, 1973; 1 97) 	In the 
interstices between these folds and the basal lamina 
are found a distinct class of cells called adepithelial 
cells (Poodry, 1980), which appear to differentiate into 
the-adult musculature (Ursprung et al. 1972; Lawrence 
and Brower, 1982; Lawrence, 1982) 	The origin of these 
cells is unclear (Poodry, 1980), but it is now known 
that they are not of the same lineage as the imaginal 
discs (Brower et al. 1981) 
At the end of larval development in response to the 
insect steroid hormone 20hydroxyecdysone, the imaginal 
discs evaginate and secrete the adult cuticle, a process 
that has been studied extensively both in situ and in 
vitro (reviewed by Siegal and Fristrom, 1978; Milner, 
1980) 	This ability of imaginal discs to secrete the 
adult cuticle is gradually acquired during the third 
10 
larval instar, different regions acquiring the ability 
at different times (Ginter and Kuzin, 1970; Gateff and 
Schneiderman, 1975; Schubiger, 1974; Bownes and Roberts, 
1979) 	Unlike the imaginal discs the cells of the 
abdominal histoblasts do not proliferate during larval 
development, but do so during the prepupal and pupal 
period (Robertson, 1936; Garcia-Bellido and Merriam, 
1971a; Nadhavan and Madhavan, 1980) 
14 Compartments. 
Clones of marked cells induced by mitotic recombina-
tion at any time during larval development are diverse 
in both size and shape, indicating that imaginal discs 
are not formed by an invariant cell lineage (Bryant and 
Schneiderman, 1969; Bryant, 1970; GarciaBellido and 
Merriam, lg7lb)0 When very large clones are made using 
the Minute technique (Morata and Ripoll, 1975), however, 
a series of clonal restrictions are delineated which 
divide the developing imaginal discs into a number of 
distinct compartments (Garcia-Bellido, 1975; Crick and 
Lawrence, 1975) 	The earliest compartments are found 
at, or shortly after, the cellular blastoderm and divide 
the imaginal discs of all the thoracic segments into 
anterior and posterior regions (GarciaBellido et al. 
1973; 1976; Steiner, 1976; Lawrence and Morata, 1 977) 
In the adult integument the boundary separating two 
compartments runs as a straight line covering hundreds 
of cells. As development proceeds compartments are 
often subdivided in a binary fashion to generate new 
11 
compartments (e0g0 dorsal and ventral compartments) and 
in the wing these subdivisions occur every 2=4 cell 
divisions (GarciaBellido et al. 1973; 1 976) 	Since 
the largest clones never fill a compartment it follows 
that a compartment is initiated by more than one cell 
and is therefore a polyclone (Crick and Lawrence, 1975) 
An important feature of compartments, and one which 
suggests that they are important in normal development, 
is that they appear to define the limits of activity of 
a number of homoeotic genes (Garcia-Bellido et al. 1973; 
1 976; Morata and Lawrence, 1975; Lawrence and Morata, 
1976) 	Two such genes are bithorax and postbithorax, 
both of which are members of the bithorax complex (Lewis, 
1963; 1978) 	The activity of both of these genes is 
limited by the anterior-posterior compartment boundary 
of the metathorax, so that when they are inactivated 
either the anterior (bithorax) or the posterior (postbi-
thorax) compartment of the metathorax is transformed 
into the corresponding compartment of the mesothorax 
(Garcia-Bellido et al. 1973; 1976) 	A third gene limited 
by the anterior-posterior compartment boundary is engr 
ailed0 The absence of the wild-type function of this 
gene results in the partial transformation of posterior 
compartments into anterior compartments and the absence 
of a normal anterior-posterior compartment boundary 
(Morata and Lawrence, 1975; 1978; Lawrence and Morata, 
1976) 	This is particularly striking in the wing where 
a mirror-image copy of anterior structures is produced 
(Garcia-Bellido and Santamaria, 1972) 	Genes such as 
12 
these have been called selector genes since they appear 
to determine which of two alternative developmental path-
ways a particular polyclone will follow (GarciaBellido, 
1975; Morata and Lawrence, 1977) 
The transformations produced by several homoeotic 
mutations suggest that different polyclones share similar 
if not identical positional information. Mutations at 
the Antennapedia locus either partially or completely 
transform the antenna into a mesothoracic leg. A detai-
led analysis of these mutations has shown that the trans-
formations are completely position specific, a given 
part of the antenna always being transformed into a 
specific part of the leg, allowing a correspondence map 
of the two appendages to be constructed (Postlethwait 
and Schneiderman, 1971) 	This is also true of haltere 
to wing and metathoracic leg to mesothoracic leg trans- 
formations produced by bithorax and postbithorax mutations 
(Morata and Garcia-Bellido, 1976; Adler, 1978)9 and 
proboscis to prothoracic leg transformations produced by 
proboscipedia (Struhl, 1981b)0 Similarly, a correspond-
ence map of the anterior and posterior compartments of 
the wing and leg can be constructed by analysing the 
transformations produced by the engrailed gene (Garcia 
Bellido and Santamaria, 1972) 	Crick and Lawrence (1975) 
have suggested the engrailed data indicates that compart-
ment boundaries coincide with the borders of gradients 
of positional information and that each compartment 
constitutes a positional field. If this interpretation 
of the engrailed data is correct then in Drosophila a 
positional field is different from a regulative field, 
since studies on pattern regulation in the imaginal discs 
clearly show that both anterior and posterior compartments 
are part of the same regulative field (Bryant, 1978a; 
Russell, 1982a)0 An alternative interpretation of the 
grailed data, and one consistent with pattern regula-
tion studies, has been presented by Russell and Hayes 
(1980) and will be discussed in section 182 
15 Regulative Properties of Disc Fragments 
When whole imaginal discs are transplanted into larval 
hosts they generally develop according to their prospec-
tive fate, the inventory of differentiated structures 
corresponding exactly to what is normally formed in situ 
(Ephrussi and Beadle, 1936; Bodenstein, 1941; Vogt, 1946; 
Hadorn et a10 1949; Schubiger, 1968; Bryant, 1975a)0 
The one exception is that of transplanted haltere discs, 
which in addition to the normal disc derivatives differ-
entiate "adventitious bristles" not found in situ (Loosli, 
1959; Ouweneel and van der Meer, 1973) 	Conversely if 
a disc is extirpated from a larva, the adult develops 
without the corresponding part (Zalokar, 1943; Murphy, 
1 967) 
Each imaginal disc has a characteristic morphology 
(Poodry, 1980), allowing them to be fairly accurately 
cut into smaller fragments. The prospective fate of 
these fragments can then be established by implanting 
them into a mature larval host. When this experiment 
is performed it is found that complementary fragments 
1r 
differentiate different subsets of the total pattern, 
allowing the construction of very detailed fate maps 
Schubiger, 1968; Ouweneel and van der Meer, 1973; Bryant, 
(1975a; Haynie, 1975; Bryant and Hsei, 1 977; Littlefield 
and Bryant, 1979a; Kumar et al. 1979) 	Alternatively 
the regulative properties of these fragments can be 
tested by culturing them either in larval or adult hosts 
(Ursprung, 1967) 	This type of analysis has been perf- 
ormed extensively on many of the imaginal discs of Droso-
phila melanogaster0 The major results produced by these 
studies are: 
1) When disc fragments are implanted into young larval 
or adult female hosts they grow by cell division. 
Hadorn et al. (1949) first noted that cutting induced 
growth in cultured fragments of the male genital disc 
and proposed that "cell proliferation and regulation 
go hand in hand". This observation has since been 
confirmed by cytological (Ursprung, 1962; Duranceau 
et ale. 1980; Adler, 1981; Dunne, 1981), autoradio 
graphic (Wildermuth, 1968a) and cell lineage (Ulrich, 
1971 ; Postlethwait et al. 1971; Nöthiger and Ulrich, 
1972; Abbott et al. 1981) studies performed on regen-
erating and duplicating fragments of several discs. 
Schubiger (1973) found that pattern regulation in 
male foreleg disc fragments was eliminated when they 
were cultured in hosts maintained on protein-free, 
sugar media. Tissues in these hosts do not grow since 
mitosis is inhibited (Weber and Nöthiger, 1975) 	Once 
- I 
these fragments were retransplanted into hosts maint-
ained on media containing protein, pattern regulation 
proceeded (Schubiger, 1973) 	The cell lineage studies 
have clearly shown that only a small number of cells 
are actually dividing in a regulating fragment and that 
they are located in a blastema at the cut edge (Ulrich, 
1 971; Postlethwait et a10 1 971; Abbott et a10 1981) 
This suggests that pattern regulation in the imaginal 
discs of Drosophila is an epimorphic process (Morgan, 
1901). 
During the first or second day of culture disc fragments 
heal their cut edges thereby apposing cells which are 
not normally adjacent (Reinhardt et a10 1977; Reinhardt 
and Bryant, 1981) 	Short term culture experiments on 
wing and leg disc fragments indicate that neither 
regulation nor growth occur before wound healing (Adler, 
1981; Dunne, 1981; Karisson, 1981b; Abbott et a10 1981; 
James et al. 1981), suggesting that wound healing is 
required for regulative growth in these fragments. 
Complementary fragments generally exhibit complementary 
behaviour; whereas one fragment regenerates the deleted 
parts and differentiates into a complete structure, 
the complementary fragment forms a duplicate of itself 
and differentiates into structures organized in mirror-
image symmetry (Schubiger, 1971; Bryant, 1971; 1975a; 
Gehring, 1972; van der Meer and Ouweneel, 19714; Bryant 
and Hsei,• 1 977; Littlefield and Bryant, 1979a; Karisson, 
1981a; Kauffman and Ling, 1981) 	Thus the two comple- 
mentary fragments reform the same set of structures, 
identified as a regenerate in one and a duplicate in 
the second. The new structures formed are those that 
normally separate the cells confronted by wound healing. 
In most discs it is normally the larger fragment which 
regenerates while the smaller fragment duplicates 
(Bryant, 1978a; 1979) 	However, an exception is 
found in the prothoracic leg disc where the small 
upper-medial j fragment is able to regenerate while 
the large j complementary fragment duplicates (Schub-
iger, 1971) 	These results suggest that local inter- 
actions between cells apposed during wound healing 
provoke intercalary regulation and the production of 
those intermediary positional values requiring minimal 
regulative growth (French et a10 1976; Reinhardt et al. 
1 977) - 
4) Small fragments from the edge of the wing disc normally 
duplicate their partial patterns (Bryant, 1975a)0 
However, two fragments from opposite edges of the wing 
disc can be induced to regenerate by mixing them to-
gether before culture (Haynie and Bryant, 1976) 	Both 
fragments are able to regenerate structures normally 
differentiated by the intermediate disc tissue. If 
two similar fragments are mixed together none of the 
deleted structures are regenerated. These experiments 
clearly show that the developmental fate of disc frag-
ments can be modified by cell-cell interactions. 
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Similar results are obtained when peripheral fragments 
are mixed with central fragments, however, in this 
experiment only peripheral fragments are able to reg -
enerate intermediate disc tissue (Haynie and Schubiger, 
l979) 
5) Fate maps of the imaginal discs of Drosophila have 
established that distal structures of the adult appen-
dages are derived from the centre of the disc, whereas 
more proximal structures are derived from the periphery 
of the disc (Schubiger, 1968; Bryant, 1 975a)0 Several 
authors have shown that peripheral fragments of both 
the leg and wing disc are able to regenerate central 
regions during culture (Schubiger, 1971; Lee and Gerhart, 
1973; Strub, 1977a; Schubiger and Schubiger, 1978; 
Haynie and Schubiger, 1979; Wilcox and Smith; 1980; 
Karlsson, 1980), but that central regions are only 
able to duplicate during culture (Schubiger, 1971; 
Strub, 1979; Haynie and Schubiger, 1979) 	This shows 
that the proximal-distal axis of the imaginal discs 
is polarized such that proximal to distal but not 
distal to proximal regeneration can occur. It has 
been demonstrated in both the leg and wing disc that 
the ability of peripheral fragments to regenerate 
distal structures is ind.ependant of the ability to 
regenerate proximal structures (Schubiger and Schubiger, 
1978; Wilcox and Smith, 1980; Karlsson, 1980) 	Periph- 
eral fragments which duplicate proximal structures 
are often able to regenerate distal structures as well. 
A detailed study of duplicating leg disc fragments 
has shown that the ability to regenerate distal leg 
structures is proportional to the amount of peripheral 
tissue present before culture (Schubiger and Schubiger, 
1978) 	These results suggested that tissue from both 
anterior and posterior compartments of the leg disc 
must be present for distal regeneration to proceed. 
Similar results have been obtained for peripheral 
fragments of the wing disc (Wilcox and Smith, 1980; 
Karlsson, 1980) 
6) In several imaginal discs peripheral fragments which 
predominantly duplicate are also capable of regenera-
ting proximal structures (Schubiger, 1971; Strub, 1977a, 
Karpen and Schubiger, 1981; Bryant, 1975a; Duranceau 
et a10 1980; Kauffman and Ling, 1981; Karlsson and Smith, 
1981; Kirby et a10 1982; LüOnd, 1961; Bryant and Hsei, 
1977) The ability of predominantly duplicating 
peripheral fragments to regenerate proximal structures 
has been most extensively studied in the wing disc. 
In this disc the frequency with which proximal struct-
ures are regenerated increases with increasing length 
of culture (Duranceau et al. 1980; Kauffman and Ling, 
1981; Karisson and Smith, 1981) and that anterior 
ventral fragments regenerate more extensively than 
posterior-dorsal fragments (Kauffman and Ling, 1981)0 
Duranceau et a10 (1980) and Kirby et a10 (1982) have 
shown that ventral wing disc fragments only regenerate 
after duplication is completed, Kirby et a10 (1982) 
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also demonstrating that the regenerated structures 
appear in the plane of symmetry between the duplicated 
structures. A similar result was obtained in fragments 
of the male genital disc of D. sguyi (Lüönd, 1961) 
During regulation new pattern elements are added sequ-
entially, those closest to the wound edge in the fate 
map being produced first. This is true in fragments 
of the wing disc (James et a10 1981; Kauffman and Ling, 
1981; Karisson, 1981b), leg disc (Schubiger, 1971; 
Abbott et a10 1981), eye-antennal disc (Schubiger and 
Alpert, 1975) and male genital disc (Ursprung, 1959; 
Lüônd, 1961) 
Compartmental boundaries are not respected during 
regulation. This is most clearly seen in the leg disc 
where the upper-medial j fragment, which is composed 
of cells from the anterior compartment (Steiner, 1 976), 
is capable of regenerating a complete leg, including 
structures of the posterior compartment (Schubiger, 
1971; Strub, 1977a)0 Regeneration across the anterior-
posterior and dorsal-ventral compartment boundaries 
has also been observed in wing disc fragments that 
have been mixed together (Haynie and Bryant, 1976; 
Adler and Bryant, 1977) Although compartments are 
not respected during pattern regulation, a detailed 
cell lineage analysis of regulation in leg disc frag-
ments has demonstrated that compartmental boundaries 
are re-established (Abbott et al.1981) 
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Different imaginal discs share a common system of 
positional information. Several authors have shown 
that the cells of different imaginal discs can interact 
and induce normally duplicating fragments of those 
discs to regenerate (Strub, 1977b,d; Wilcox and Smith, 
1977; Bryant et al. 1978; Littlefield and Bryant, 1979b, 
Adler, 1979) 	The most extensive studies were perfor- 
med by Wilcox and Smith (1977) and Bryant et al. (1978) 
who tested the ability of various imaginal discs to 
induce regeneration in the normally duplicating notal 
fragment of the wing disc. Thoracic discs were found 
to be very effective at inducing regeneration in the 
notal test piece, whereas non-thoracic discs were less 
effective. They concluded that the different discs 
use a common system of positional information, a con-
clusion consistent with the interpretation of trans-. 
formations produced by several homoeotic mutations 
(Postlethwait and Schneiderman, 1971; Struhl, 1981b)0 
Imaginal disc cells cultured in adult hosts occasion-
ally change their determined state and give rise to 
structures normally formed by a different disc, a 
phenomenon named transdetermination (Hadorn, 1965) 
Once transdetermination has occurred in a group of 
cells, the change in determination is transmitted 
by the descendants of these cells until such a time 
as transdetermination occurs again. The main features 
of transdetermination are: (i) extensive cell prolif-
eration is required (Gehring and Nöthiger, 1973; 
Strub, 1977c); (ii) it is initiated in groups of cells 
and is therefore polyclonal (Gehring, 1967); (iii) its 
frequency and direction is characteristic for each 
type of disc (Hadorn, 1978); (iv) at least in the 
prothoracic leg disc, the cells capable of transdeter-. 
mination are localized within a specific region of 
the disc (Strub, 1977c; Chihara et al. 1 977) 	Beyond 
these few facts little is known about the mechanism 
of transdetermination0 
16 Regulation in Immature Discs. 
The experiments on the imaginal discs of mature 3rd 
instar larvae described in section 15 clearly show that 
these tissues behave as regulative fields. Unfortunately 
similar experiments cannot be performed on imaginal discs 
from earlier stages of development, since they are not 
large enough to be manipulated. Yet it is of great 
importance to know whether imaginal discs behave as 
regulative fields from the earliest stages of development. 
This problem has been approached by inducing cell death 
in imaginal discs at several stages during their develop-
ment by Xirradiation (Waddington, 1942; Postlethwait 
and Schneiderman, 1973; Postlethwait, 1975), microcautery 
(Bownes, 1975) and temperature-sensitive cell-lethal 
mutations (Russell et al 1977; Postlethwait, 1978b; 
Jurgens and Gateff, 1979; Girton, 1981) 	All three tech- 
niques produce deficiencies and duplications in adult 
appendages, regeneration cannot be observed since it 
restores a normal appendage. The deficiencies and dupli- 
cations produced in these experiments suggest that the 
same regulative properties exist in imaginal discs of 
all developmental stages. In duplicated legs, for example, 
medial or ventral structures are generally deleted, 
whereas lateral or dorsal structures are generally dupli-
cated. Secondly, a cell lineage analysis has indicated 
that the duplicate legs are derived from a small popula-
tion of cells (Girton and Russell, 1980) 	Both these 
results are consistent with the fragmentation studies 
on the mature 3rd instar leg disc (Schubiger, 1971; Strub, 
1 977a; Abbott et al. 1981) 
Many years ago Weiss (1939) suggested that the develop-
mental processes which govern normal development are 
reactivated in the regeneration blastema0 Girton and 
Russell (1980; 1981) have tested the applicability of 
this suggestion to pattern regulation in the imaginal 
discs of Drosophila. They studied the cellular dynamics 
of leg duplications produced during larval development 
by the temperature-sensitive mutation l(1)su(f)ts726 
(Russell, 1974 ) 	Three main results were obtained from 
this study: (i) the regeneration blastema is founded 
by between 7 and 21 cells, numbers identical to those 
initiating normal leg discs at the cellular blastoderm 
stage of embryogenesis (Bryant and Schneiderman, 1969); 
(ii) after initiation the regeneration blastema grows 
exponentially at a rate very similar to that of control 
legs; (iii) anterior and posterior compartments are 
established in the blastema at a time and position 
indistinguishable from normal development. This latter 
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result is not always found. Fragments of the leg disc 
regenerate pattern elements, including the compartment 
boundary, in a sequence, whereby elements that normally 
lie between the cut edge and the compartment boundary 
are regenerated before the boundary (Abbott et a10 1981) 
Even though such differences do exist, the observation 
that clonal restrictions are reestablished during pattern 
regulation and at the same morphological position as in 
normal development suggests the two processes are similar,, 
I ,7 Regulative Properties of Insect and Amphibian Limbs. 
Similar experiments to those performed on the imaginal 
discs have been performed on the limbs of hemimetabolous 
insects (Bohn, 1976; French, 1981; 1982) and Urodele 
amphibians (Bryant, 978a; 	Tank and Holder, 1981) 
One of the most striking features of the analysis of these 
two systems is the similarity of the results obtained 
to those observed in the imaginal discs of Drosophila 
(French et a10 1976; Bryant et al. 1981) 9 a brief summary 
of these results is presented below. 
1 . 7 . 1 Distal Regeneration. 
The appendages of many insects (Bodenstein, 1953) and 
amphibians (Goss, 1969) have the ability to regenerate 
distal parts that are lost through injury or experimental 
manipulation. If amputated distal parts are permitted 
to survive by grafting them, with reversed orientation, 
either back to the proximal stump or into the animals 
flank, then even proximally facing wound surfaces regen 
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erate distal parts (Insects: Bohn, 1965; Bullire, 1970; 
Shaw and Bryant, 1975; Amphibians: Morgan, 1908; Dent, 
1954; Butler, 1955) 	In these experiments, both the 
proximal stump and the distal limb fragment regenerate 
the same set of distal limb structures. Based on these 
and similar results Rose (1962) formulated his rule of 
distal transformation, which states that during regener-
ation from a given level only structures of more distal 
levels are formed. 
Distal regeneration is not dependant upon the presence 
of a complete proximal circumference, surgically constr-
ucted double-half limbs are capable of regenerating 
distal structures following amputation (Insects: Bohn, 
1965; French, 1981; Amphibians: Stocum, 1978; Tank, 1978a; 
Tank and Holder, 1978; Holder et al. 1980; Krasner and 
Bryant, 1980) 	The regenerated structures are usually 
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symmetrical and distally incomplete, having lost structures 
in the plane of symmetry. Not all double-half limbs 
regenerate with equal frequency; in the cockroach limb 
double-internal tibias regenerate distal limbs that are 
both double-internal and distally incomplete, however, 
double-external limbs rarely regenerate (Bohn, 1965; 
French, 1981) Similarly, in the axolotl double-posterior 
limbs amputated immediately after construction usually 
regenerate a distally complete double-posterior limb, 
yet double-anterior limbs fail to regenerate (Holder et 
al. 1980) 
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1.7.2 Intercalary regeneration : Proximal-Distal Axis. 
If the same proximal-distal levels of the cockroach 
tibia are grafted together, then host and graft tissues 
simply heal and no regeneration occurs (Bohn, 1 967; 1970a, 
b; 1971; Bullire, 1971; French, 1976a)0 However, if 
different proximal-distal levels of the tibia are grafted 
together, local growth occurs at the junction and the 
intervening mid-tibia is formed by intercalary regenera-
tion. Combining a distal graft level with a proximal 
host level produces mid-tibia with normal orientation, 
while combining a proximal graft level with a distal host 
level produces mid-tibia with reversed orientation (fig. 
12) 	These results suggest that cells at different 
proximal-distal levels in the tibia possess different, 
and stable, positional values and that during intercalary 
regeneration new cells generated at the host-graft junc-
tion adopt intermediary positional values. Similar 
grafting experiments performed between different leg 
segments (e0g0 tibia and femur), suggest that the sequence 
of positional values observed in the tibia is repeated 
in each segment of the leg (Bohn, 1970a,b; Bullire, 1971) 
Since the regenerate is formed from both host and graft 
tissue (Bohn, 1971; 1 976; Eullire, 1971; French, 1976a), 
during intercalation, in contrast to distal regeneration 
cells are able to regenerate tissue proximal to the level 
of the distal most cut. 
Intercalary regeneration also occurs in the proximal-
distal axis of the amphibian limb, but only if a distal 
blastema is grafted on-to a more, proximal stump (Iten and 
Fig 12 
Proximal-distal intercalary regeneration. Interaction 
between proximal (a) and distal (e) levels of the cock-
roach tibia leads to local growth and the formation of 
an intercalary regenerate (R) consisting of the inter-
mediate levels (b, c, d)0 -The graft and the graft 
derived part of the intercalary regenerate are shaded. 






Bryant, 1 975; Stocum, 1 975) In contrast to cockroaches 
only stump tissue contributes to the regenerate (Stocum, 
1975; Maden, 1980a; Pescitelli and Stocum, 1980) 
1 . 7 . 3 Intercalary Regeneration Circumferential Axis. 
Removal of a longitudinal strip of integument from 
any position around the circumference of the femur of 
the cockroach leads, to the cut edges healing, followed 
by intercalary regeneration of the missing section of 
the circumference (French, 1978) 	Similarly when strips 
of integument are grafted into abnormal positions around 
the circumference of the femur, intercalary regeneration 
occurs between the normally non-adjacent cells (fig. 103a)0 
This results in an abnormal but continuous pattern around 
the circumference. The intercalary regeneration observed 
in these experiments invariably occurs via the shortest 
circumferential route separating the graft from the host. 
Grafting between different leg segments has shown that 
the circumferential organization of the femur is repeated 
in other leg segments (fig. 103b; French, 1980) 	These 
same experiments have also shown that during intercalation 
host and graft cells are capable of regenerating in 
either direction around the circumference. 
Direct demonstration of circumferential regeneration 
in amphibian limbs has not been possible. However, the 
formation of complete distal regenerates by incomplete 
half limb stumps suggests that it can occur (Goss, 1 957; 
Maden, 1979) 	Complementary half limbs appear to behave 
quite differently, whereas posterior halves form a comp- 
Fig. 13 
Circumferential intercalary regeneration, A0 Schematic 
cross sections showing the graft of medial face of the 
left femur into the anterior face of the host left femur, 
and the result after two moults. Along both edges of the 
strip graft an intercalary regenerate (R) has formed 
between graft (G) and host (H), and the structures formed 
are those normally lying between the confronted positions 
by the "shortest route" around the circumference. Hence 
between positions 8 and 9 a small band has formed, while 
between positions 'I- and 8 a new medial face (positions 
5 9 6 9 7) has been intercalated. B. Graft of medial face 
of left tibia into the anterior face of the host left 
femur. Along both edges of the graft there is formation 
of an intercalary regenerate (R) comprising the interme-
diate portion of the circumference and consisting of both 
graft tibia (T) and host femur (F) structures. Along the 
medial side of this graft, the border between tibial and 
femur tissue always forms between positions 5 and 6 
(From French, 1982) 
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lete distal regenerate, anterior halves produce a symmet-
rical double-anterior distal regenerate. 
l74 Supernumerary Regeneration. 
One of the most striking observations in pattern reg-
ulation is the appearance of extra or supernumerary limbs 
following grafting operations in many species of insects 
and amphibians (reviewed by French et al. 1976; Bryant, 
1978a; Bryant e1 al0 1981; Tank and Holder, 1981; French, 
1981; 1982) 	Transplantation of a left distal limb to 
a right proximal stump (or vice versa) such that the 
anterior-posterior axis of the graft is reversed relative 
to the host, the dorsal-ventral axes remaining aligned, 
typically results in the formation of two. supernumerary 
limbs at the anterior and posterior margins of the graft-
host junction. If instead the anterior-posterior axes 
of the graft and host remain aligned but the dorsal-
ventral axes are inverted, then two supernumerary limbs 
emerge from the dorsal and. ventral margins of the graft.. 
host junction. These supernumerary limbs generally have 
the handedness of the proximal stump. 
Supernumerary limbs also occur if both transverse axes 
are misaligned by rotating a distal limb before regraft-
ing back to its own proximal stump. In the cockroach a 
rotation of 1800  usually provokes the regeneration of 
either a single distally incomplete, symmetrical supernu-
merary limb, or two complete supernumerary limbs (Bohn, 
1965; 1972a,b; Bullire, 1970; French, 1976b)0 These 
supernumerary limbs are usually of opposite handedness 
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and can be found at any position around the circumference 
of the limb. If the graft is rotated by less than 1800 
it usually de-rotates back into alignment with the stump 
and no supernumeraries are formed. Similar experiments 
performed on the amphibian limb give more variable 
results. 	 In these animals one, two or three 
supernumerary limbs are formed at any position around 
the circumference, although there is usually a preference 
for posterior-dorsal and anterior-ventral positions 
(Bryant and Iten, 1976; Maden and Turner, 1978; Wallace 
and Watson, 1979) 	Supernumerary limbs in the newt, 
Notophthalmus viridescens, are normally of opposite hand- 
edness (Bryant and Iten, 1976) 	In the axolotl, Ambystoma 
mexicanum, apart from normal supernumerary limbs of oppos-
ite handedness, a high frequency of abnormal supernumer-
ary limbs have also been found (Maden, 1980b; 1982 ) 
These abnormal supernumerary limbs exhibit varying degrees 
of mirror-image symmetry. In amphibians supernumerary 
limbs are produced at angles of rotation of less, than 1800, 
at a frequency directly related .to the amount of discrep-
ancy between the graft and host axes (Stock et a10 1980; 
Turner, 1981) 	Both graft and host tissues contribute to 
the generation of supernumerary limbs in both insects 
and amphibians (Bullire, 1970; Bohn, 1972a, French, 1976b; 
1982; Tank, 1978b, Maden and Turner, 1978; Holder and 
Tank, 1979; Maden, 1980b)0 
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18 Models of Pattern Regulation. 
1.8.1 The Polar Coordinate Model. 
French et a10 (1976; Bryant et al. 1981) proposed this 
model to explain various aspects of pattern regulation 
in three epimorphic systems: cockroach and amphibian 
limbs and Drosophila imaginal discs." It assumes that 
positional information is specified in two dimensions 
and in terms of polar coordinates. One component is a 
value specified by position in a radial sequence and the 
second component is a value specified by position in a 
circular sequence. The radial sequence corresponds to 
the proximal-distal axis of the appendage, the distal 
tip being at the centre of the field, while the circular 
sequence corresponds to the circumferential position on 
a cross section at each proximal-distal level. Another 
important assumption is that pattern regulation is the 
result of local cell-cell interactions following wound 
healing. It is proposed that epimorphic pattern regula-
tion can be explained by two rules: 
1) Shortest intercalation rule. When cells with dispar-
ate positional values are apposed during wound healing, 
or after grafting, cell proliferation is initiated 
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at the junction and continues until all the intermed-
iate positional values have been intercalated, after 
which cell proliferation ceases. This occurs in 
either the circular or radial sequence. In the circu-
lar sequence, the discontinuity is resolved along the 
shorter of the two arcs separating the apposed posit-
ional values (fig. 14) 
Complete circle rule. Whenever a complete circle of 
positional values is exposed at an amputation surface, 
or generated by intercalation, distal regeneration 
occurs (fig. 104d)0 Indeed French et al. (1976) 
originally proposed that distal regeneration could 
not occur without a complete circular sequence of 
positional values. However, it has since been shown 
that wound surfaces containing an incomplete circum-
ference are capable of forming partial distal regen-
erates (sections 15(5) and 171) 	To explain this 
new data on distal regeneration, Bryant et al. (1981) 
have proposed a new rule (2b)0 
Distalization rule. Distal regeneration results from 
the same kind of local cell-cell interactions that 
induce intercalary regeneration. Normally such an 
interaction would lead to the intercalation of cells 
with positional values intermediate between those of 
the confronted cells. The distalization rule suggests 
that "if this represents a positional value that is 
identical to that of a preexisting adjacent cell, 
then the new cell is instead forced to adopt a posit-
ional value that is more distal than that of the pre-
existing cell". The degree of distal regeneration 
depends upon two factors: (i) the number of circumf -
erential positional values exposed; (ii) the mode of 
Fig. 1.4 
Application of the polar coordinate model to the results 
obtained by culturing imaginal disc fragments. Each cell 
is assumed to have information with respect to its position 
on a radius (A-E) and its position around the circle (0-12) 
Positions 12 and 0 are identical, creating a circular 
sequence. When cells of non-contiguous values on either 
axis come into contact, it is assumed that growth occurs 
until all intermediate values have been generated. The 
field centre (E) represents the presumptive distal tip of 
the appendage. (a) The results of culturing 900  or  2700 
sectors of the wing disc. In both large and small sectors 
the cut edges heal together, in each case bringing position 
3 next to position 6 Shortest intercalation in both cases 
leads to the production of intercalary values I- and 50 In 
the 90° sector this constitutes a duplication of existing 
positional values, whereas in the 270° sector it constitutes 
regeneration of missing positional values. (b) The results 
obtained following bisection of the wing disc. Both of 
the fragments heal by contraction along their cut edges, 
in each case bringing positions 8 and 4 together. Shortest 
intercalation leads to the production of positions 5, 6, 
and 70 In the smaller fragment the intercalary structures 
constitute a duplication of existing positional values, 
whereas in the larger fragment they constitute a regenerate. 
(c) The results of culturing different leg disc fragments. 
It is assumed in this case that positional values in the 
circular sequence are non-uniformly spaced. By the same 
reasoning as in (a) the 2700  and  900  sectors will regener-
ate and duplicate respectively. (d) The results obtained 
by culturing central and peripheral fragments of the wing 
disc. A complete circular sequence of positional values 
is present at each contracted cut edge; transformation 
results in duplication of central fragments and regener-
ation of peripheral fragments. (From French et a10 1976) 
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Polar coordinate model of distal outgrowth from asym-
metrical and symmetrical wound surfaces. (a) An asymmet-
rical wound surface. The tissue remaining after removal 
of B., C, D and E levels of the pattern is shaded and the 
wound edge is outlined by the circle. This diagram could 
represent an imaginal disc with the centre removed or the 
stump of an amphibian or cockroach leg after amputation 
of the terminal parts. It is proposed that during the 
process of wound healing different parts of the circum-
ference come into contact, and the second diagram shows 
one way in which this may occur. Circumferential inter-
calation (*) produces cells with positional values ident-
ical to those of preexisting adjacent cells and hence the 
new ones are forced to the next most distal level B (dist-. 
alization rule). Subsequent intercalation completes the 
B level and reiteration of the whole process generates 
the remaining distal levels. In outgrowth from complete 
circumferences, the process is essentially independant 
of variations in the directions of wound healing. (b) A 
symmetrical wound surface.- When starting configuration 
is symmetrical as in a double--half limb, the outcome 
depends on the kind of wound healing that occurs. Mode 
I healing gives no positional value confrontations to 
stimulate intercalation and thus no distal outgrowth 
occurs. In contrast, modes 2 and 3 give limited distal-
izatiQn yielding symmetrical and distally incomplete 
outgrowths. Node 3 gives a more complete outgrowth than 
mode 2 (c) A symmetrical wound surface. When starting 
configuration consists of two symmetrical copies of more 
than half the circumference, the shortest intercalation 
rule predicts that certain kinds of wound healing (mode 
3) will lead to the production of two symmetrical complete 
circles. This will give rise to a diverging, branched, 
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Fig. 16 
Schematic diagram of the late third instar wing disc. 
1.12/0 location of polar coordinate model circumferential 
positional values (Karisson, 1981a)0 A/P and D/V, anter-
ior/posterior and dorsal/ventral compartment boundaries 





interaction produced by wound healing (fig. 15) 
In imaginal discs it has been necessary to postulate 
that the circular sequence of positional values is unev -
enly distributed around the circumference of the disc. 
The upper-medial quadrant of the leg disc regenerates 
the remainder of the pattern, while the complementary 
fragment duplicates its partial pattern (Schubiger, 1 971 ) 
To explain this result the shortest intercalation rule 
requires that more than half the circular sequence of 
positional values be clustered in the upper-medial quad-
rant (fig. 104c)0 In the wing disc Karisson (1981a) 
concluded that the circular sequence of positional values 
are tightly clustered around the anterior-posterior comp-
artment boundary (fig. 16) 
The polar coordinate model can explain much of the 
data on pattern regulation in Drosophila imaginal discs 
and the limbs of both cockroaches and amphibians (French 
et a10 1976; Bryant, 1978a; Bryant, 1978b; Bryant et 
al. 1981; French, 1981; 1982) 	However, the model has 
a number of limitations and some of these are listed below. 
1) A considerable body of evidence shows that fragments 
which normally duplicate can with variable frequency 
regenerate some, most, or perhaps all of the deleted 
pattern elements (section 15 point 6) Many of the 
fragments only regenerate once duplication has been 
completed, when the polar coordinate model suggests 
that both growth and pattern regulation should have 
1- 
ceased 
Grafting experiments performed between different seg-
ments of the cockroach limb suggest that the radial 
sequence of positional values is repeated in each 
segment (section 172) 	The model would therefore 
predict that following simple amputation distal regen-
eration should not proceed beyond the completion of a 
single segment. Yet this is clearly not the case, 
amputation in any segment of the cockroach limb results 
in the regeneration of all distal segments (section 
171) 	Similar observations have been made on both 
the leg and wing imaginal discs (section 15 point 5) 
In its present form the polar coordinate model fails 
to reconcile these two observations. 
Whereas distal regeneration in imaginal discs and 
amphibian limbs is an epimorphic process (Schubiger, 
1973; Maden and Wallace, 1976), in cockroach limbs it 
appears to be a morphallactic process (Bullire, 1972; 
Truby, 1982) 	Since the distalization rule requires 
extensive cell proliferation, it is incapable of exp-
laining distal regeneration in the cockroach limb. 
The relationship of compartmentalization to epimorphic 
pattern regulation is not illuminated by the model; 
the requirement of tissue from both anterior and post-
erior compartments for distal regeneration to proceed 
remains unexplained. 
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The polar coordinate model cannot explain the occurr-
ence of supernumerary limbs at a variety of locations 
at the graft-host junction, following blastemal rotat-
ions of less than 1800  in the amphibian limb. Neither 
can it explain the formation of supernumerary limbs 
of abnormal symmetry following a 1800  blastemal rotat-
ion (section 1 7 4 ) 
Critical appraisals of the polar coordinate model 
(Goodwin, 1976; Winfree, 1980; Sibatani, 1981) have 
pinpointed a number of theoretical problems. For 
example; (i) the model has never received a satisfact-
ory mechanism of generating the circular sequence of 
positional values (French, 1978); (ii) all the circum-
ferential values are represented at the centre of the 
field, therefore according to the shortest intercalat-
ion rule proliferation near the centre should be un-
bounded. This is not the case. 
A number of authors have presented models that explain 
most of the data on imaginal discs dealt with by the polar 
coordinate model, indeed some of these models predict 
features left unexplained by that model. These authors 
either use a different coordinate system to French et a10 
(1976; Russell and Hayes, 1980; Russell, 1982b; Kauffman 
and Ling, 1981; Kauffmai 1982), or use no coordinate 
system at all (Cummings and Prothero, 1978; Winfree, 1980; 
Lewis, 1981; Nittenthal, 1981) 	All of these models 
accept the basic principle of the polar coordinate model's 
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shortest intercalation rule, i0e0 epimorphic pattern 
regulation is the result of positional value discontin-
uities created by the apposition of normally non-adjacent 
cells, intercalary regeneration being governed by smooth-
ing of juxtaposed positional value discontinuities. 
Utilizing this basic principle each of these models is 
•able to explain a large amount of data pertaining to 
pattern regulation in imaginal discs. However, just as 
the polar coordinate model required a special rule, the 
distalization rule, to explain some aspects of pattern 
regulation, so these other models require special rules 
to explain different aspects of pattern regulation. A 
brief description of a few of these models is presented 
below. 
1.8.2 Cartesian Coordinate Models. 
Two cartesian cooidinate models have been presented 
to account for the data on epimorphic pattern regulation 
in imaginal discs (Russell and Hayes, 1980; Russell, 1982; 
Kauffman and Ling, 1981; Kauffman,1982)0 One of these 
models is two-dimensional, positional information being 
specified by the local concentration of two gradients, 
the first ventral-dorsal and the second anterior-posterior 
(Kauffman and Ling, 1981 ;Kauffman, 1982)0 The second model 
is three-dimensional, in addition to the two gradients 
utilized in the two-dimensional model a third gradient, 
orientated along the proximal-distal axis, is postulated 
(Russell and Hayes, 1980; Russell, 1982) 	Positional 
values are determined by the local concentration of all 
three gradients. The models assume that disc fragments 
heal their wound edges, apposing disparate positional 
values, and that gradient discontinuities are smoothed 
by simple diffusion. In cartesian coordinate models this 
mechanism can explain most of the data on intercalary 
and distal regeneration. However, the principle of simple 
diffusive smoothing is unable to regenerate extreme disc 
margins (fig. 17), fragments should therefore only 
partially regenerate or partially duplicate. It is 
clearly the case that disc fragments are capable of 
complete regeneration or duplication. Like the polar 
coordinate model, cartesian coordinate models cannot 
explain the capacity of fragments which usually duplicate to 
regenerate large domains of the complementary fragment. 
The failure of simple diffusive smoothing to explain 
these results requires the construction of special mechan-
isms capable of reforming gradient maxima and minima. 
Kauffman (1982) has presented a detailed mathematical 
description of a biochemical mechanism capable of genera-
ting the gradients utilized in the cartesian models. It 
is based on the reaction-diffusion model of Turing (1952), 
a model known to have the property of active regeneration 
(Gierer and Meinhardt, 1972; Meinhardt, 1 977) 	This model 
is capable of generating explicit mechanisms capable of 
reforming gradient maxima and minima. A reaction-diffus-
ion model has been presented for pattern formation during 
embryogenesis in Drosophila, linking segmentation, comp-
artmentalization, homoeotics and transdetermination 
(Kauffman,1977; Kauffman etal0 1978) 	This suggests that 
Fig. 17 
(A) A Cartesian coordinate system with two monotonic 
gradients. The "Y" variable has ascending levels 0-9 
The "X" variable has ascending levels A-H0 A. straight 
cut creates a large posterior fragment which wound heals 
by folding in half and juxtaposing opposite ends of the 
cut margin. For this particular cut, this leads to a 
discontinuity across the wound in Y values, but not X 
values. The convexity in lines of constant concentration 
of each variable, isoconcs, assures that simple diffusive 
smoothing of X and Y variables yields regeneration out to 
the anteriormost X isoconc, B, contained along the cut 
margin of the posterior fragment, stippled area. Similarly 
the smaller anterior fragment wound heals the same way and 
duplicates to the B isoconc0 The symmetry of convexity in 
the X and Y isoconcs on the disc about a central region in 
the wing disc implies that the polarity of regeneration 
(heavy arrow) will alter about an apparent "high point" in 
this region, although cells do not measure position with 
reference to the high point. Regeneration by a normally 
duplicating fraient requires an active mechanism beyond 
simple diffusion to recreate the gradient extremum at the 
disc margin of the normally regenerating fragment. 
(B) Removal of a central (distal) region leaves a proximal 
outer annulus. Wound healing along the cut in the annulus 
juxtaposes tissues, creating discontinuities in the mono-
tonic X and Y gradients, which are smoothed over by simple 
diffusive-like processes, leading to distal regeneration 
by the annulus. A partial anterior proximal annulus 
consisting of an anterior "C"-shaped fragment will undergo 
distal regeneration roughly proportional to the amount of 
the proximal are present. The central square containing 
the high point itself purse string closes juxtaposing 
tissues that again create X and Y gradient discontinuities 
across the wound healed zone. Smoothing of these discont- 
inuities causes the positional values in the central square 
to be duplicated, in the new cells of the wound zone. 
Fig 17 cont. 
(C) Schematic picture of anterior-posterior and dorsal-
ventral cartesian X, Y coordinates for left and right 
limbs, projected onto the plane. The position of the 
midvalues of the two variables, 4,D, corresponds to the 
distal tip. Grafting a left distal limb to a right 
proximal stump leads to smoothing of discontinuities in 
X and Y (bold letters, CD and BE) and the formation of 
two supernumerary distal limb tips with the handedness 
of the host proximal stump, at the positions of maximal 
disparity of host and graft axes. 
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reaction-diffusion mechanisms may provide a unifying 
hypothesis linking pattern formation in embryonic and 
secondary fields (Kauffman, 1981) 
The three-dimensional model explains the formation of 
compartments and the function of engrailed in a novel 
way (Russell and Hayes, 1980) 	If cells are unable to 
distinguish positional values in one of the three gradi-
ents, a positional field of this kind degenerates into 
a bilaterally symmetrical one (Bateson, 1971; Russell 
and Hayes, 1980) 	Russell suggests that the phenotype 
of the engrailed mutation results from a defective inter-
pretation of the anterior--posterior coordinate of posit-
ional information. Since the line of symmetry in the 
engrailed phenotype coincides with the compartment bound-
ary, it further suggests that compartment boundaries may 
form at symmetries inherant in the positional system. 
Although cartesian models provide an explanation for 
much of the data on pattern regulation, they still have 
limitations in common with the polar coordinate model. 
The major advance of these models is the provision of a 
biochemical mechanism. 
1 . 8 . 3 Coordinate Free Models. 
Several authors (Cummings and Prothero, 1978; Winfree, 
1980; Lewis, 1981; Mittenthal, 1981) have suggested that 
much of the data reviewed by French et a10 (1976) can be 
explained without resorting to a specific coordinate 
system. The data is explained by using the principle of 
positional smoothing; juxtaposition of normally non-adja-- 
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cent positional values results in epimorphic growth rest-
oring "continuity" (Lewis, 1981) to the field, in a way 
that requires minimal regeneration. However, if the 
model is only applied to the thickened epithelium of 
imaginal discs, the peripodial membrane not being included 
in the field, this analysis suffers from the same problem 
as the cartesian coordinate models, it is unable to expl-
ain regeneration of disc margins (Winfree, 1980) 	Disc 
fragments would only partially duplicate or partially 
regenerate. This problem can be overcome by assuming 
that the field extends into the peripodial membrane, the 
disc being envisaged as a closed sac with a hollow inside 
surrounded by a single cell surface (Cummings and Prothero, 
1978; Lewis, 1981) 	In this way fragmentation would avoid 
the field boundary' and positional smoothing will produce 
complete regeneration or duplication. Similarly the 
results in amphibian and cockroach limbs are explained 
by assuming that the field boundary remains untouched. 
However, this analysis fails to explain most of the feat-
ures left unexplained by the coordinate models and in 
addition does not yield deffinite predictions from many 
grafting experiments (Lewis, 1981) Furthermore, Kauffman 
(1982) has pointed out that differences between alterna-
tive coordinate systems are not trivial, each requires 
different additional mechanisms beyond intercalary 
smoothing of positional discontinuities to account for 
the data. 
1.9 Outline. 
All the models presented in the previous section are 
based upon the same assumptions. These are: 
Each cell within an imaginal disc is assigned a unique, 
stable positional value. 
Following fragmentation wound healing apposes cells 
with disparate positional values. 
Cell proliferation is initiated where cells with 
disparate positional values are apposed. 
Positional values change only in regions of cell 
proliferation. This is the principle of epimorphosis 
(Morgan, 1901)0 
New cells adopt positional values that are intermediate 
between those apposed during wound healing, such that 
positional discrepancies are eliminated and growth 
ceases. 
This work aims to test the validity of some of these 
assumptions by answering the following questions: 
Is cell proliferation localized in the region of the 
wound edge? 
Is cell proliferation initiated by the apposition of 
normally non-adjacent cells during wound healing? 
Is pattern regulation initiated by the apposition of 
normally non-adjacent cells during wound healing? 
Does cell proliferation cease once pattern regulation 
is complete? 
Are the positional values adopted by new cells deter-
mined by the positional values of cells apposed during 
wound healing? 
Chapter 2 
Materials and Methods 
21 Materials. 
2.1.1 Drosophila Stocks. 
Wild-type larvae and flies of either the OregonR 
(chapters 3 and LI.) or Barton (chapters 5 and 6) strain 
were used for most of these experiments. In the mixing 
experiment (chapter LI.) larvae of the genotype ebony (e) 9 
multiple wing hairs (mwh) (Lindsley and Grell 9 1968) 
were used.. 
2.1.2 Maintenance of Stocks., 
In the early part of this work all flies were reared 
and maintained on yeasted Lewis medium (table 201) 9 eith-
er in half pint glass bottles or in plastic vials. This 
was later replaced, first by a yeast-glucose medium and 
then by Davids medium (table 21) The yeast-glucose 
medium produced large larvae but was unsatisfactory for 
maintaining adults, these were maintained on Lewis medium. 
Both were dispersed into large boiling tubes (for rearing 
larvae) or glass vials (for maintaining adults) which 
were stoppered with nonabsorbant cotton wool. To combat 
bacterial infections these two media were autoclaved 
prior to use, However, yeast-glucose medium was often 
affected by the sugar browning reaction (an interaction 
between sugars and proteins during autoclaving) which 
reduced its nutritive value and was eventually replaced 
by Davids medium. Antibiotics were added to all of these 
media (table 2G1)O 
Throughout this work flies were reared and maintained 
Table 2.1 
Media, 
Ingredients Lewis Yeast- David's 
Glucose 
Water (ml) 1000 1000 1000 
Agar (gin) 65 25 15 
Yeast (gm) 215 100 80 
Sucrose (gin) 107 - 
Glucose (gin) 100 
Cornmeal (gm) 1185 - 80 
Nipagin Soln0 30 15 6 
(ml) 
Nipagin Solution. 
Water (ml) 	25 
Ethanol (ml) 	475 
















Only two antibiotics were added at any time, but they 
were rotated regularly. Antibiotics were taken from a 
filter sterilized stock solution and added to the auto-
claved media under a sterile hood. 
Kiwi 
at 25000 Sterile stocks were maintained on sterile food 
in a clean incubator isolated from general laboratory 
stocks. 
213 Drosophila Ringer. 
Dissection of live material was performed in buffered 
Drosophila Ringer (table 22; Chan and Gehring, 1 971) 
Antibiotics were routinely added to this solution (table 
22) 
22 Methods. 
2.2.1 Egg Sterilization. 
Flies, from which eggs were to be collected, were 
transferred to an empty glass bottle. A piece of absorb= 
ant paper was added to reduce condensation and provide 
a greater surface area for the flies. The top of the 
bottle was covered with a watch glass' filled with 3% 
agar and yeast paste. Eggs were collected from axenic 
flies and. all equipment had been previously sterilized. 
To prevent the collection of partially developed eggs 
which have been retained in the oviduct, egg collections 
were preceded by a one hour prelay0 It is essential to 
remove these partially developed eggs since they may 
hatch during sterilization so that larvae, sometimes 
containing yeasts, etc., contaminate the sample if not 
eliminated. The egg collection usually lasted from four 
to six hours. 
Following collection eggs were rinsed in a fine sieve 
Table 22 
Drosophila Ringer. 
Water 	 1000ml 
NaCl 	 302gm 
KC1 39m 
MgSO 108gm 
CaC12 0H2O 0069gm 
Tricine 1079gm 
Sucrose 	 17019m 
Glucose 	 306gm 
The solution was autoclaved and the ph adjusted to 
6,95 by the addition of IN NaOH. A filter sterilized 
solution of antibiotics was then added to the Ringer. 
The antibiotics used were: 
Penicillin 60.g/ml 
Streptomycin I OOg/ml 
Carbenicillin 50pg/ml 
Ampicillin 50 4Ag/ml 
Gentamicin LIO g/ml 
Kan.amycin 50g/ml 
Only two antibiotics were added at any one time and 
penicillin was never added with either of its two deriva-
tives, ampicillin and carbenicillin0 The Ringer solution 
was filter sterilized and dispensed into sterile bottles, 
these were stored at -4°C0 
41 
with sterile distilled water to remove most of the yeast 
paste. They were then examined under the dissecting 
microscope and any larvae were removed. To kill and re-
move any bacteria or yeasts that may be associated with 
the egg, the following sterilization procedure was 
followed: 
Eggs were washed for 90 seconds in a 2% TCA solution. 
The chorion was removed by placing eggs in a 50% 
bleach solution for 5 6 minutes. This kills any 
bacteria that may be present. 
3)0 Eggs were washed with sterile water to remove bleach 
and debris. 
4) 	Dechorionated eggs were washed in a 01% solution 
of cetyldimethyl benzylammonium chloride (pre-ster-
ilized) for 15 minutes. This solution is a bacter 
iocidal agent (Sparrow, 1971 Sang, 1978) 
5)0 Eggs were then washed several times in sterile 
distilled water. 
6) 	Finally the eggs were transferred to sterile boiling 
tubes containing sterile food, approximately 100 
eggs per tube. 
This entire procedure was performed under a sterile 
hood. Occasionally the sterility of cultures was tested 
by taking a sample of food from tubes containing late 
3rd instar larvae and plating a suspension on nutritive 
media. The plates were cultured at 370C for a few days 
and then inspected for bacterial colonies, these were 
rarely observed. Alternatively, following the dissect- 
ion of discs the remaining larval carcases were macerated. 
and plated on nutrient media. Few bacterial colonies 
were ever observed. 
2.2.2 Isolation and Fragmentation of Imaginal Discs. 
Late 3rd instar larvae, aged 120 ± 4 hours after 
oviposition, were isolated from the culture bottles and 
placed in a sieve. They were then washed, first with 
water and then with 70% alcohol. During an experiment 
larvae were washed several times to reduce contamination 
from their excreta. Wing discs were dissected from the 
larvae in a drop of Ringer solution and then transferred 
to a fresh drop where they were fragmented as desired. 
Dissection and fragmentation were performed under the 
dissecting microscope using tungsten needles sharpened 
by electrolysis in IN NaOH. The zone of cell death 
caused by this method of fragmentation usually does not 
extend more than a few cells from the cut sedge (Reinhardt 
and Bryant, 1980) 
2.2.3 Transplantation of Imaginal Discs. 
Transplantation was performed using a method similar 
to that devised by Ephrussi and Beadle (1936; Ursprung, 
1967) 	The injection apparatus consisted of a length of 
tygon tubing connected to a Imi syringe at one end and 
a glass needle at the other, the whole system was filled 
with water. Prior to injections the glass needle was 
lubricated by repeatedly sucking and ejecting a piece of 
fat body. Wing disc fragments were then sucked into the 
needle and implanted into the abdomen of either a second 
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late 3rd instar larvae or an adult female 24 days old. 
Larval hosts were washed, dried and etherized until 
they remained, motionless 	(approximately 30 seconds). 
They were then rinsed in Ringer solution and any that 
did not relax were discarded. A strip of double sided 
adhesive tape was attached to a slide and the larvae 
lined up along the slide dorsal tracheae uppermost. 
Adult hosts were etherized and affixed to a slide 
overlaid with a strip of double sided adhesive, their 
ventral abdomen facing upward. 
Initially this operation was performed on the open 
bench, however, because of bacterial infections it was 
later performed under a sterile hood. 
2020 Li Auto radiography. 
Whole and fragmented wing discs were implanted into 
214 day old fertilized adult females and allowed to grow 
for 1-7 days. The discs were then dissected out and 
cultured in a moist chamber for 30 minutes in a cavity 
slide containing 50pl  of Ringer solution and 51 of 3H 
thymidine (lmCi/ml) to label cells undergoing DNA repli-
cation. They were then given two washes of 5 minutes 
each in Ringer and transferred to a slide coated with 1% 
Bovine Serum Albumen. The slides were dried for 1 hour, 
fixed in ethanol : acetic acid (3:1) for 5 minutes, 
dried for a further 30 minutes and then dipped in Ilford 
K5 nuclear emulsion. The slides were maintained at -20 ° C 
for I week, developed in Kodak D19 for 3 minutes, rinsed 
in distilled water, placed in Ilford stop bath for 30 
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seconds and fixed with Kodak rapid fix for 1-1 minutes. 
They were then washed in running tap water for 10 minutes 
and dried at room temperature. Labelled nuclei were 
counted using a Zeiss photomicroscope0 
2.,2.,5 Cautery. 
Cautery was performed using a fine tungsten needle 
mounted on a micromanipulator and connected to a variable 
voltage source (Bownes and Sang, 1974)., The needle was 
heated to 70°C and callibrated by using paraffin wax of 
known melting point. Discs were placed in a thin film 
of Ringer solution and cauterized by touching them with 
the point of the heated needle. The extent of cell death 
was estimated by placing discs in a solution of trypan 
blue, staining dead cells blue, immediately after cautery. 
2.2.6 Mixing. 
Fragments were mixed using the method of Nãthiger 
(1964) as modified by Haynie and Bryant (1976) 
2.,27 Preparation of Slides. 
Metamorphosed implants resulting from transplantation 
were dissected free from excess fat body and mounted in 
a drop of Gurrs water mounting medium, between coverslips0 
The implants were teased apart so as to avoid obscuring 
the pattern elements., 
2.2.8 Bacterial Infection. 
Throughout, this work was plagued by bacterial infections 
-, 
These infections killed all larvae into which discs were 
implanted and about half the adults. If antibiotics were 
added to the Ringer solution then no effect on adult 
survival was observed but larvae into which uncultured 
discs were implanted had a high rate of survival. How-
ever, if discs cultured in adult females were implanted 
into larvae, few of the larvae survived. The problem 
was only solved when a sterile hood was acquired and all 
operations could be performed on sterile animals under 
sterile conditions. 
Food and infected animals were macerated in Ringer 
and then plated onto nutrient agar, the plates were cult-
ured for several days at 37000 Four distinct types of 
colony were formed on the plates, each colony type was 
cultured separately and tested for sensitivity to a numb-
er of antibiotics. These tests were performed by F.E. 
Hitchin of the Depaftment of Genetics, University of 
Edinburgh and the results are presented below. 
Colony type (1) - Isolated from food and infected flies. 
Sensitive - to:- Tetracyclin, Naladixic Acid, Kanamycin, 
Ampicillin, Carbenicillin, Chioramphen-
icol, Sulphafarazole, Gentamicin, Rif-
ampicin0 
Resistant to:- Streptomycin, Trimethoprin, Spectino-
mycin0 
Colony type (2) - Isolated from food. 
Sensitive to:- Kanamycin, Streptomycin, Tetracycline, 
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Spectinomycin, Gentamicin0 
Colony type (3) - Isolated from food. 
Sensitive to:- Kanamycin, Tetracyclin, Streptomycin, 
Gentamicin, Spectinomycin0 
Resistant to:- Trimethroprin, Naladixic Acid, Suipha-
farazole, Ampicillin, Carbenicillin, 
Rifampicin 
Colony type (4) - Isolated from food. 
Sensitive to:- Kanamycin, Streptomycin, Tetracyclin, 
Gentamicin, Spectinomycin0 
Resistant to:- Ampicillin, Carbenicillin, Rifampicin, 
Chloramphenicol0 
The results presented above were used to determine 
the combinations of antibiotics most likely to kill all 
the bacteria.. 
On several occasions infected organisms were plated 
on nutrient agar in an attempt to isolate the infectious 
bacteria, however, these attempts were mostly unsucces-
full0 This suggested that the guilty agent may not have 
been a bacterium but a virus. Indeed a number of Droso -
phila viruses have been isolated which kill both larvae 
and adults in a fashion similar to that observed here 
(Brun and Plus, 1980) 	Viruses are common in laboratory 
stocks and can be transferred by two routes: (a) through 
eating contaminated food; (b) transovarially0 
Drosophila stocks can be readily cured of some viruses, 
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all that is required is to dechorionate eggs from old 
mothers (20 days at 25°C) and to transfer the eggs to 
fresh medium. The use of old: mothers conquers the prob-
lem of transovariolar infection and dechorionation dest-
roys viral particles on the surface of the eggs. Virus 
free stocks should be kept apart from other stocks and 
handled with sterilized instruments. This procedure 
was followed but had no effect on the survival of host 
animals. 
2.2.9 Wing Disc Derivatives. 
The wing disc, which gives rise to the dorsal meso-
thoracic segment of the adult, is the largest imaginal 
disc in a mature 3rd instar larvae and gives rise to a 
large portion of the thorax. Figure 21 shows a diagram 
of the wing disc derivatives and figures 22 and 23 
show 	details of the dorsal and ventral hinge regions. 
The following description is adapted from that of Bryant 
( 1 975a; 1978a)0 
Notum: this structure is divided into several regions 
by sutures, the largest region being the scutum0 This 
region is covered with hairs and carries numerous regul-
arly arranged microchaetes (small bristles) and charact-
eristically located macrochaetes (large bristles). 
There are two other regions in the notum; the scutellum 
and pstnotum, however, in subsequent chapters notum 
only refers to the scutum0 The postnotum was not scored 
and the scutellum was scored separately. 
Scutellum (Scut.): the scutellum is covered with hairs 
1i 	2..1 
Schematic drawings of the derivatives of the wing disc 
are shown from a dorsal (a) and ventral (b) view. The 
abbreviations for cuticular structures are as follows 
PST: presutural bristle; NP(2): notopleural bristles; 
Prescuturn: anterior region of notum; IS: intrascutal 
suture; SA(2): supraalar bristles; PA(2): postalar bristles; 
APAst2: two sensilla trichodea adjacent to anterior PA; 
DC(2): dorsocentral bristles; Scutum: central region of 
notum; SS: scutoscutellar suture; Scu(2): scutellar bristles; 
ANWP and PNWP: anterior and posterior notal wing processes; 
Teg: tegula; HP: humeral plate; UP: unnamed plate; ASI=4: 
first to fourth axillary sclerite.; 	PC0: proximal costa; 
MOo: medial costa; DC0: distal costa; TR: triple bristle 
row (anterior wing margin); DR: double bristle row (distal 
wing margin); PR: posterior row of hairs; Sc4d, Sc25 and 
Sc12: groups of Li.,  25 and 12 sensilla campaniformia on 
the proximal dorsal radius; Sepi and Sep2: first and 
second septa on the proximal dorsal radius; AL: alar lobe; 
AC: axillary cord; PAA: prealar apophysis; YC: yellow club; 
PVR: proximal ventral radius; PWP:. pleural wing process; 
PS: pleural sclerite; AP: axillary pouch; Pleura: meso-
pleura, pteropleura, postpleura; Sc'-v, Sc3 and Sc5: groups 
of l-, 3 and 5 sensilla campaniformia on the proximal 
ventral radius; Wing: dorsal and ventral surfaces. 











Schematic drawing of the dorsal aspect of the notum, 
wing hinge and proximal wing blade. Abbreviations are 














Schematic drawing of the ventral aspect of the meso-
thorax, wing hinge and proximal wing blade. Abbreviations 
are as in Fig. 21 	(Reproduced from Bryant, 1975a)0 
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and carries at its margin two macrochaetes0 In implants 
it can easily be distinguished from the notum, appearing 
as a small sac of cuticle containing the two macrochaetes0 
Dorsal wing hinge: this region is characterized by 
nine structures. The four axillary scierites (AS1-4) 
are easily recognizable by their shapes and by the 
absence of hairs except on the proximal part of AS4O 
The humeral plate (HP) and unnamed plate. (UP) are found 
in close association with the anterior arm of the first 
axillary sclerite0 	The most anterior structure of the 
dorsal hinge is the tegula (Teg) which bears a group of 
about sixteen sensilla campaniformia at its dorsal, prox-
imal side, a group of five sensilla trichodea and a group 
of two sensilla trichodea at its distal margin. It also 
bears about three macrochaetes and four microchaetes0 
Two notal wing processes extend from the notum and artic-
ulate with the first axillary scibrite, the anterior 
notal wing process (ANWP) and the posterior notal wing 
process (PNWP)O 
Wing: the wing surface is characterized by the unifo-
rmly arranged dark hairs but a number of sensillae are 
also present. The only sensillae scored in this study 
are found on the dorsal surface, the proximal part of 
the radius bears groups of four, twenty-five and twelve 
sensill.a campaniformia (SCd, SC25, SC12) separated by 
two septa (sepi and sep2) and a more distal single sen-
sillum (SCI ). In this study these sensillae were scored 
as a single structure (SCd)0 Dorsal and ventral surfaces 
of the wing blade could not be distinguished. 
The most proximal part of the anterior wing margin 
is the costa. This can be divided into three segments, 
each of which bears bristles of various sizes. The prox-
imal costa (PC0) carries a dorsal row of about seven and 
a ventral row of about five bracted microchaetes0 Betw-
een these rows are two bracted macrochaetes and more 
ventrally is a single unbracted microchaete0 The proxi-
mal costa is the only part of the fly other than the 
distal leg segments which carries bracted bristles. The 
medial costa (MC0) has a dorsal row of five microchaetes 
and a ventral row of two microchaetes, one recurved (cur-
ved away from the cuticle) microchaete and one distal 
macrochaete0 The dorsal and ventral sides of the distal 
costa (DCo) each have one row of widely spaced recurved 
microchaetes and. a row of closely spaced microchaetes0 
At the distal tip are two large macrochaetes0 In this 
study medial and distal costa were scored as one struct-
ure (M/DCo)0 The remainder of the anterior wing margin 
carries a triple row (TR) of microchaetes; those of the 
dorsal row of the triple row are widely spaced, recurved 
and thin; those of the middle row are closely spaced and 
thick; and those of the ventral row are closely spaced 
and thin with every fourth or fifth bristle being recurved0 
The distal wing margin carries a double row (DR) of thin 
bristles, and the posterior wing margin, carries a row of 
long hairs called the posterior row(PR)0 The alar lobe 
(AL) of the posterior wing margin can be recognized by 
its extremely long marginal hairs and the axillary cord 
(AC) has a crenellated appearance at the margin with a 
single row of short, fine hairs. It runs into the edge 
of the fourth axillary schlerite0 
Ventral wing hin: the yellow club (YC) is the most 
conspicuous structure in this area; it is located close 
to the proximal ventral radius (PVR)O This latter struc-
ture bears groups of four, three and five sensilla camp-
aniformia (SCLv, SC3, SC5)0 The pleural wing process 
(PWP) arches around the axillarypççh (AP) and at its 
head articulates with the second axillary scierite on 
the dorsal side. The pleural scierite (PS) is located 
adjacent to these structures. 
Pleural structures: the pleural plates, which form 
the side of the thorax, consist of yellow cuticle bearing 
short, dense hairs, but unfortunately the mesopleura, 
pteropleura and postnotum cannot be distinguished from 
each other in implants0 Non3e of these structures were 
scored in this study. 
Adventitious notum: in implants of cultured, duplicated 
ventral fragments notal bristles are often found. Either 
many bristles which are clearly notal in nature or few 
bristles of dubious identity, are found associated with 
the ventral hinge (Bryant, 1975a; Karlsson and Smith, 
1981) 	In this study these bristles were classified as 
notum and scored as such. 
The structures scored in this study are shown in figs. 
24-25 as they appear in implants 
Fig0206 shows the detailed fate map of the Drosophila 
melanogaster wing disc established by Bryant (1975a)0 
It is in excellent agreement with the fate map of wing 
discs in three other dipterans: Calliphora erythrocephala 
(Sprey and Oldenhave, 1974) Zaprionus vittiger (Tobler 




Wing disc derivatives in uncultured implants. 
(a) Ventral wing hinge. (b) Dorsal wing hinge. 
(c) Dorsal wing hinge. (d) Costa. (e) Proximal Costa. 
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Wing disc derivatives in uncultured implants. 
(a) Triple Row. (b) Double Row. (c) Posterior Row. 
(d) Alar Lobe. (e) Axillary Cord. (±') Notum and Scutellum. 













Fate map of the wing disc. Abbreviations are as in 
Fig. 2.1. (Reproduced from Bryant, 1975a). 
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Is Regeneration in Drosophila the 
Result of Epimorphosis ? 
52 
31 Introduction. 
It was recognized many years ago that there are two 
general ways in which pattern regulation may occur: 
morphallaxis, "in which a part is transformed directly 
into a new organism, or part of an organism without 
proliferation at the cut surface"; and epimorphosis, ttfl 
which a proliferation of material precedes the develop-
ment of the new part", this proliferation occurring in 
a growth zone, the blastema, which gives rise to new 
cells that develop into the replacement part (Morgan, 
1901) 	However, Morgan (1901) cautioned that these two 
modes could be envisaged as extremes, many cases of 
pattern regulation combining elements of both. 
As pointed out by French et a10(1976) most primary 
embryonic fields appear to regulate by morphallaxis0 
For example, in the amphibians Xenopu laevis and Ambys-
toma mexicanum the removal of cells whose descendants 
would normally have formed entire parts of the body 
pattern is followed by apparently normal morphogenesis 
(Cooke, 1979; 1981), the remaining cells reorganizing to 
form a complete but miniature pattern. Essentially the 
same result has been obtained after fragmentation of 
embryos in a number of insects (reviewed by Sander, 1 976) 
French et al. (1976) also suggest that most secondary 
fields regulate by epimorphosis0 In the amphibian limb 
amputation causes cells close to the wound edge to 
dedifferentiate and form a blastema (Goss, 1969) 	Cell 
division within the blastema occurs at a consistently 
high level, whereas it remains at a low level in the 
differentiated stump (Maden, 1976; Smith and Crawley, 
1977; Stocum, 1980a)0 The epimorphic nature of amphib-
ian limb regeneration is demonstrated by experimental 
procedures such as X-irradiation and denervation which 
halt both cell division and regeneration (Singer and 
Craven, 1948; Brunst, 1950; Tassava and Mescher, 1975; 
1976; Maden and Wallace, 1976; Maden, 1 978), emphasizing 
that continued cell division is required for regenerat-
ion. However, it has recently been demonstrated (Maden, 
1981) that regeneration in amphibian limbs is size inde-
pendant, a feature more commonly associated with morph-
allactic systems. Similarly in the cockroach limb reg-
eneration proceeds by cell division in a blastema formed 
by dedifferation of cells at the wound edge (Penzlin, 
1 963; Bullière, 1972) 	Prior to the initiation of epi- 
morphic growth the blastema is reorganized, morphallac-
tically, to form a tiny regenerate (BullaJ.ère, 1972; 
Truby, 1982) 	Features of morphallaxis and epimorphosis 
are also involved in the reduplication of the embryonic 
chick limb (Cooke and Summerbell, 1980; Summerbell, 1981) 
In the imaginal discs of Drosophila it is known that 
cell division and pattern regulation are intimately 
associated (Hadorn et a10 19 119; Ursprung, 1962) 	This 
was clearly demonstrated by Schubiger (1973) who cultured 
fragments of the male foreleg disc in hosts maintained 
on a protein-free, sugar media, a media known to inhibit 
DNA replication (Weber and Nöthiger, 1975) 	Schubiger 
(1973) found that in these hosts neither regulation nor 
growth occurred, but if disc fragments were subsequently 
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transferred to hosts maintained on standard media then 
both are observed. Two models linking pattern regulat-
ion and cell division have been proposed. In the first 
model cell division is not localized at the wound edge 
but occurs all over the fragment (Gehring, 1966; Nothiger 
and Schubiger, 1966; Wildermuth, 1968b)0 Once the frag-
ment has reached a critical size it is reorganized there-
by creating the new pattern, a process called "homonomous 
arealization" (Gehring, 1966) 	It is clear that this 
model combines features of both morphallaxis and epimor-
phosis0 The second model suggests that the original 
fragment remains intact, the new pattern is built from 
new cells produced in a growth zone localized at the 
wound edge (Ursprung, 1962; Bryant, 1 971 ; 1 974) 	This 
is an epimorphic model and has been utilized in all 
subsequent models of pattern regulation in the imaginal 
discs (French et al. 1976; Russell and Hayes, 1980; 
Bryant et al. 1981; Kauffman and Ling, 1981; Lewis, 1981) 
The evidence strongly favours the second model. Marked 
clones, produced by mitotic recombination, in regulating 
fragments are much larger in the new pattern than in the 
original (Postlethwait et al. 1971; Ulrich, 1971; Nöthiger 
and Ulrich, 1972; Girton and Russell, 1980; Abbott et al. 
1981), a result inconsistent with the first model but 
consistent with the second. 
Wildermuth (1968a) had previously carried out an auto-
radiographic study of duplicating labial discs and obt-
ained inconclusive results. This may have been due to 
his technique in which cells were often labelled several 
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days prior to autoradiogrà.phy0 In this study the distr-
ibution of labelled nuclei in regenerating wing disc 
fragments was analysed, using an autoradiographic tech-
nique in which cells are labelled immediately before 
autoradiography0 It shows that cells undergoing DNA 
replication, presumably in preparation for cell division, 
are indeed localized around the wound edge. 
32 Results. 
The number of nuclei labelled with 3H-thymidine in 
both whole and fragmented wing discs is extremely varia-
ble for each culture period (table 31), a result expec-
ted since the time taken for DNA replication is a small 
part of the cell cycle and in this experiment the discs 
were only labelled for a short period of time. Late 3rd 
instar imaginal discs are still undergoing much DNA rep-
lication (table 31; fig0304a); however, this decreases 
during culture in the abdomen of an adult female (table 
31; fig0304c)0 To determine the distribution of label-
led nuclei in whole and fragmented discs, the discs were 
divided into several regions of equal size along the 
ventral-dorsal axis (fig. 32) 	The number of labelled 
nuclei found in each region was then counted and their 
distribution presented in fig. 33 It can be seen that 
the distribution of labelled nuclei in whole and fragm-
ented discs is quite distinctive. In whole discs they 
are scattered over the entire disc surface for all cult-
ure periods (fig. 303a-f), whereas in fragmented discs 
many of the labelled nuclei are found to be clustered 
Table 31 
Number of labelled nuclei in cultured wing discs. 



































nuclei (mt sd)* 
515± 220 
265 ± 78 
195 ± 177 
82 ± 58 
60 ± 29 
45 ± 29 
6 ± 10 
23 ± 24 
54 ± 46 
19 ± 15 
29 ± 31 
21 ± 30 
m±sd = mean standard deviation 
Fig. 31 
Schematic drawings of the late 3rd inst.r wing imaginal 
disc. The solid lines represent the cuts used to generate 
the fragments used in these experiments. Hatched regions 
were discarded after cutting leaving the experimental 
fragments. (a) Cut along fold 2 to generate the 28 frag-
ment. (b) Cut along fold 6 to generate the 06 fragment. 
(c) The two cuts used to generate the 'CA]JH (cut anterior 
dorsal - hinge) fragment. (d) The two cuts along line D 
and fold 3-21- used to generate the large -- fragment, 
() 	(b) 
(c) 	(d) 
igmeM 	/ - 
3/4- 
Fig. 32 
(a) Schematic drawing of the late 3rd instar wing disc 
indicating the nine regions into which e wh disc was 
divided. (b) Schematic drawing of an 06 fragment of the 
late 3rd instar wing disc indicating the six regions into 
which each disc was divided. The number of labelled 




- - - - - 
The distribution of labelled nuclei in whole and frag-
mented wing discs. Ordinate = percentage of labelled 
nuclei. Abscissa = the regions into which each disc was 
divided (fig. 32) 	(a) Distribution of labelled nuclei 
in whole uncultured fragments. (b$) Distribution of 
labelled nuclei in whole discs cultured from 15 days 
respectively. (g) Distribution of labelled nuclei in 
uncultured 06 fragments. (h-l) Distribution of labelled 
nuclei in 06 fragments cultured from 1-5 days respectively. 
X and Xv equals the total number of labelled nuclei in the presumptive 
notal region (R and V in fig 3.2) divided by the number of regions 
(equivalent in size to regions A - .J and A' - E' in fig 3.2) in the 
presumptive notum; this number was variable, both between individual 

































































3Hthymidine labelled imaginal discs. (a) Whole late 
3rd instar disc, uncultured, showing many labelled nuclei 
(ln) distributed over the entire disc. (b) 06 fragment, 
uncultured, showing many labelled nuclei distributed 
over the entire disc. (c) Whole disc, cultured for two 
days, showing few labelled nuclei distributed over the 
entire disc. (d) 28 fragment, cultured for two days, 
showing that most of the labelled nuclei are clustered 
(cg) in the wound region. (e) 06 fragment, cultured for 
one day, showing that most of the labelled nuclei are 
clustered in the wound region. (f) j fragment, cultured 
for two days, showing that most of the labelled nuclei 


























in the region of the wound edge (fig. 3.3g-1 and fig. 3.4 
d-f). This is particularly true of regenerating fragments 
which have been cultured from two to four days. It app-
ears, therefore, that in regenerating disc fragments 
most cell division is occurring in the region of the 
wound edge, whereas in whole discs, cell division is 
evenly distributed throughout the disc. 
The distribution of labelled nuclei in individual 
discs was also analysed. Whenever more than 40% of the 
labelled nuclei occurred in any region of the disc they 
were regarded as being a cluster. In whole discs no 
clustering occurred until the fourth and fifth days of 
culture when two examples, one in each culture period, 
were observed. Both of these examples had just over 40% 
of the labelled nuclei in a region approximately half-
way along the ventral-dorsal axis (region g in fig.. 3.2). 
In all the fragments tested (fig. 3.1) clustering was 
observed in some of the discs after just one day of cult-
ure and all these clusters occurred in the region of the 
wound edge. After five days of culture clustering of 
labelled nuclei around the wound edge was no longer 
observed in both the 06 and 28 fragments, whereas in the 
CADH fragment clustering of labelled nuclei was observed. 
The duration of clustering around the wound edge of the 
fragment was not tested. As with whole discs cluster-
ing of labelled nuclei in fragmented discs occasionally 
occurred in regions some distance away. fromthe wound 
edge. However, these clusters never contained more than 
50% of the labelled nuclei. In fragmented discs cultured 
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for four days, but not five days, many of the clusters 
which occurred in the wound region contained more than 
70% of the labelled nuclei. Table 32 shows the frequ-
ency with which clustering of labelled nuclei occurred 
in the region of the wound edge for the fragments shown 
in fig. 
Most of the clusters of labelled nuclei that were 
observed occurred in bands along the length of the wound 
edge (fig. 304d-f) and the width of these bands ranged 
from 16pto 54p, the average width being 31,p. 	Assuming 
an average cell diameter of 4for the cells of the 
columnar disc epithelium (Poodry and Schneiderman, 1970), 
this corresponds to a range of approximately 4 to 1 3 12 
cell diameters, the average being 8 cell diameters. 
This suggests that only a small number of cells from 
around the wound edge are contributing to the regenera-
tion process. 
It is possible that the observed clustering is just 
a local response to wounded cells and is not specific to 
the regeneration process. To test, this possibility cells 
were damaged by cutting half-way along the line used to 
make the 28 fragment, these discs were then cultured for 
either one or two days before in vitro labelling with 
3H-thymidine0 There was no evidence of clustering in 
these discs, indicating that the clustering of replicat-
ing cells in regenerating wing disc fragments is .a spec-
ific part of the regeneration process. 
Table 32 











Od 25 0 14 0 9 0 
Id 24 0 20 20 24 13 
2d 10 0 24 33 13 31 
3d 20 0 14 43 18 33 
4d* 14 0 15 20 16 13 
5d* 13 0 20 0 14 0 
Culture CADH fragment j fragment 
period n n (days) 
Od 16 0 
Id 25 20 20 25 
2d 14 50 8 25 
3d 21 48 
4d* 14 50 - - 
5d* 13 15 
n = total number of discs scored. 
= percentage of discs showing clustering (more than 
40% of labelled nuclei) around the wound. 
* = due to appearance of clusters of labelled nuclei 
(up to 50% of labelled nuclei) in regions some dist-
ance from the wound, only clusters containing more 
than 70% of the labelled nuclei in the wound region 
are included in these data. 
al 
3,3 Discussion. 
Recent models of imaginal disc regeneration assume 
that it is the result of epimorphosis, growth occurring 
in a blastema located at the wound edge (French et al. 
1976; Russell and Hayes, 1980; Bryant et al. 1981; Kauff-
man and Ling, 1981; Lewis, 1981) 	The results presented 
above demonstrate that in four regenerating wing disc 
fragments replicating cells are often clustered around 
the wound edge. This is exactly what one would expect 
if the cells closest to the wound were stimulated to 
replicate their DNA and then undergo mitosis to contri-
bute to the regenerate. It cannot, however, be assumed 
that these are the only cells which contribute to regen-
eration, since there is a background of cells undergoing 
DNA replication. 
In two recent studies the net increase in cell number 
of several wing disc fragments, after various periods of 
culture, was determined. (Adler, 1981; Dunne, 1981) 
Both these authors demonstrated that growth occurs during 
the first four days of culture, after which no net incr-
ease occurs. Furthermore, in regenerating wing discs 
pattern elements are re-established during the first 
five days of culture (James et al. 1981; Karlsson, 1981b)0 
These results are consistent with those presented above, 
cell division being localized around the wound edge from 
one to five days of culture. 
The only study previously undertaken using autoradio-
graphy to determine the location of dividing cells in 
regenerating discs, gave results consistent with those 
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presented above (Wildermuth, 1968a)0 This study was 
performed on the labial disc which, unlike any other 
disc in Drosophila, duplicates when cultured whole 
(Wildermuth and Hadorn, 1965), also the label was applied 
in vivo. In the first experiment 3H-thymidine was 
injected into the host at the same time as the labial 
disc and twenty-four hours later the discs were fixed 
and subjected to autoradiography0 Labelled nuclei were 
found evenly scattered over the disc. Considering the 
results presented above this is not unexpected, DNA 
replication is occurring at a high rate in the late 3rd 
instar wing disc and is not localized to any particular 
region. This is generally true even after twenty-four 
hours of culture and is probably true of the labial disc. 
Since 3Hthymidine only has a short life in the fly most 
of the label would be incorporated by cells undegoing 
DNA replication during the first few hours of culture. 
In a second experiment 3H-thymidine was injected, at 
various times during the culture period and autoradio 
graphy performed on the metamorphosed, duplicated. discs. 
Label injected during the early stages of duplication 
was only found in the old half of the duplicated. structure. 
This result could be due to dilution of the label on the 
new side by rapid proliferation, as has been shown to 
occur during the larval-pupal moult of the silk-moth 
(Krishnakumaran et al. 1967) When injected during later 
stages of duplication label was found in both halves, 
and occasionally more frequently in the new half, of the 
duplicated structure. Again, this suggests that a lot 
of growth is occurring in the new half, but also in the 
old half as well. These results are consistent with 
those presented above. 
Kroeger (1958) implanted Ephestia (Lepidoptera) wing 
discs into young larvae and retrieved mirror-image dupl-
icated discs after ten days of culture. The number of 
mitoses per unit area in the new half of the implant 
were fifteen times that of the old half, indicating rapid 
proliferation in the new half of the implant. 
Clonal analysis of both regenerating and duplicating 
disc fragments (Postlethwait et al. 1971; Ulrich, 1971; 
Nóthigerand Ulrich, 1972; Girton and Russell, 1980; 
Abbott et al. 1981) indicate that new pattern elements 
are derived from a small but rapidly dividing group of 
cells. Indeed, Girton and Russell (1980) have estimated, 
using average and minimum clone sizes (Merriam, 1978), 
that the number of cells contributing to new pattern 
elements in duplicated legs is between six and twenty-
one, This estimate is very similar to the estimate of 
ten to twenty cells for normal legs at the blastoderm 
stage of embryogenesis obtained using similar calculations 
(Bryant and Schneiderman, 1969) Furthermore, Girton 
and Russell (1980) suggest that duplication is initiated 
during the first twenty-four hours of culture, a suggest-
ion consistent with the autoradiographic data presented 
in table 3.2. By initiating marked clones at various 
culture times during regulation in leg disc fragments, 
Abbott et a10 (1981) noted that the localization of 
dividing cells was maintained throughout. However, 
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whereas initially these rapidly dividing cells were 
located in the original material, during regulation they 
moved into the new part. This suggests an analogy with 
amphibian limb regeneration where the blastema remains 
at the growing tip of the regenerate (Goss, 1969) 
Autoradiography does not allow us to distinguish be-
tween two possible mechanisms of blastema formation 
(1) some cells from the entire fragment could migrate 
to the wound region and begin cell division; (2) fragmen-
tation could preferentially stimulate cells in the 
vicinity of the wound to divide. However, the data 
produced by clonal analysis indicate that the latter is 
the major mechanism involved in blastema formation. If 
migration is the major mechanism of blastema formation 
then clones induced before fragmentation would tend to 
be broken up as member cells migrate towards the wound 
edge. Since clones are always contiguous it is unlikely 
that migration of marked cells occurs (Abbott et al. 
1981) 	Furthermore, substantial cell migration would 
lead to a decrease in clone frequencies in all regions 
other than where the blastema is formed. This is not 
observed (Girton and Russell, 1980; Abbott et al. 1981) 
It has recently been suggested that during pattern 
regulation in the imaginal discs, morphallactic rearrang-
ement of positional values occurs (Jilrgens and Gateff, 
1979; Adler, 1981) 	JU.rgens and Gateff (1979) studied 
heat-inducedleg duplications in the mutant l(1)su(f)mad. 
-ts, according to epimorphic models these duplications 
should result from cell death followed by extensive cell 
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division in some of the remaining cells. The argument 
of Jürgens and Gateff (1979) is based on their inability 
to detect cell death in heat treated discs using the 
trypan-blue exclusion method. Another allele of the 
l(1)su(f)locus, 726, also produces leg duplications 
following heat treatment (Russell et al. 1 977) 	In this 
allele Clarke and Russell (1977) found the trypan-blue 
exclusion method unreliable in detecting cell death and 
resorted to serial sectioning and staining for lysosomal 
activity. Using this method they found extensive cell 
death and that the region most strongly affected corres-
ponded with the most frequent location of morphological 
deficiencies. Girton and Russell (1980) have demonstrated 
that the duplications produced by l(1)su(f)726 are the 
result of epimorphic growth. It seems unlikely that two 
alleles with identical phenotypes should use two widely 
different mechanisms. 
The second argument for morphallaxis in regulating 
imaginal discs is based on the observation that duplica-
ting fragments of the wing disc do not double their cell 
number during in vivo culture (Duranceau et al. 1980; 
Adler, 1981) 	This observation could also be explained 
if cell death as well as cell division was occurring in 
duplicating fragments. Using the trypan-blue exclusion 
method Adler (1981) was unable to detect significant 
amounts of cell death in cultured disc fragments. However, 
this method can be unreliable (Clarke and Russell, 1977) 
That cell death can occur in cultured imaginal discs 
is suggested by the results of Dunne (1981) 	He observed 
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that following the completion of regeneration, on approx-
imately the fourth day of culture, the cell number in 
the imaginal discs is not maintained but decreases. 
Indeed after seven days of culture cell number is often 
lower than in uncultured controls. 
In conclusion the results of this study confirm most 
of the results produced by cytological and cell lineage 
studies, indicating that pattern regulation in the imag-
inal discs is indeed an epimorphic process. 
Chapter Ll 
Is Wound Healing Rquired 
For Regeneration ? 
6- 
41 Introduction. 
Following extirpation of insect cuticle and the under-
lying epidermis, epidermal cells from opposite sides of 
the wound migrate across the wound site and heal together 
(Wigglesworth, 1937; Bullir.e, 1972; Bohn, 1976) 	Subse- 
quently, cells in the vicinity of the wound site form a 
blastema and through cell division restore pattern conti-
nuity, i.e. each cell is adjacent to its normal neighbour 
(French et al. 1976; Lewis, 1981; Mittenthal, 1981) 
Similarly, grafting experiments which juxtapose normally 
non-adjacent cells, increase the rate of cell division 
in the vicinity of the graft-host junction and restore 
a continuous pattern (Bohn, 1971; Bullire, 1971; French, 
1976a; 1978) 	Essentially the same phenomena occur 
following surgical manipulation of the amphibian limb 
(Bryant, 1978b; Tank and Holder, 1981) 
In the imaginal wing disc of Drosophila wound healing 
occurs during the first two days of culture, re-establish-
ing a topologically spherical epithelial vesicle (Reinhardt 
et a10 1977; Reinhardt and Bryant, 1981) 	During the 
first few hours of wound healing the columnar epithelium 
curls towards the peripodial membrane with which it 
becomes loosely associated along the whole length of the 
wound (heterotypic contact). However, no intimate cell 
contacts are established between the two cell layers 
(Reinhardt and Bryant, 1981) 	Within twenty-four hours 
contraction of the wound edge leads to wound closure 
and the first contacts between cells of corresponding 
epithelial types (homotypic contacts), at which time 
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heterotypic contacts are broken. Forty-eight hours after 
wounding, homotypic cell junctions and non-junctional 
contacts are fully established and wound healing is 
completed. As discussed in chapter 3 localized growth 
and pattern regulation occur after one to five days of 
culture. 
Wound healing in imaginal wing disc fragments of 
Ephestia (Lepidoptera) is similar to that observed in 
wing disc fragments of Drosophila (Rahn, 1 972) 	When 
cultured for four days the cut epithelial edges heal 
together, but regulation cannot be detected during this 
period. Subsequently, cell divisions are found predomin-
antly in the region of the healed wound (Kroeger, 1958) 
It has been suggested that pattern regulation and the 
accompanying cell proliferation are initiated by confron-
tations between previously non-adjacent cells, brought - 
together by wound healing (French et al. 1976; Reinhardt 
t al0 1977; Reinhardt and Bryant, 1981) 	If this is 
the case then delaying the establishment of cell contact 
between living cells from disparate positions, should 
delay both the replacement of deleted pattern elements 
and the initiation of cell proliferation in the vicinity 
of the wound. To test this the wound healing process 
was delayed by leaving dead cells between the wound edges. 
The cells were killed by cauterizing one of two regions 
in the mature wing disc of Drosophila; the effect of the 
procedure on subsequent regulation and localized cluster-
ing of 3H-thymidine labelled nuclei in the vicinity of 
the wound was observed. 
42 Results. 
Two regions of the late 3rd instar wing disc were 
cauterized to kill a region of cells, these correspond 
to the presumptive anterior dorsol hinge and the presump-
tive ventral hinge (Bryant, 1975a)0 The location of 
both of these regions can be seen in figs. 41 and 
Cauterized discs were either injected directly into late 
3rd instar larvae to induce metamorphosis immediately, or 
cultured in adult females for one to seven days prior to 
inducing metamorphosis. Immediately after cautery discs 
were placed in a solution of trypan-blue which stains 
dead cells blue, thus enabling the extent of cell death 
induced by cautery to be observed. If the region of cell 
death was larger or smaller than that indicated in fig. 
403a,b then the discs were discarded. Within the region 
of cell death all cells appear to take up the stain, 
indicating that they have all been killed. Examination 
of cultured discs showed that during wound healing contact 
between the wound edges was established by displacing the 
dead cells into the disc lumen. This is clearly seen if 
cultured discs are restained in atrypan-blue neutral- 
red solution; dead cells at the surface of the disc are 
stained a dark purple-blue colour and can easily be dist-
inguished from dead cells in the disc lumen which remain 
blue in colour. Wound healing is assumed to have occurred 
when either none or very few cells are stained a dark 
purple-blue colour. Using this criterion it can be seen 
that in cauterized discs wound healing is variable and 
occurs between two to four days of culture. 
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Both the presumptive anterior dorsal hinge and the 
presumptive ventral hinge regions were also removed by 
cutting the late 3rd instar wing disc with tungsten 
needles. The location of the cuts used to remove these 
regions can be seen in fig. 4.1. Upon culturing these 
fragments it was found that wound healing occurred in a 
similar time period to that observed in other wing disc 
fragments by Reinhardt et al. (1977), i.e. the wound 
heals during the first two days of culture. 
421 Regeneration in 06 Fragments. 
The presumptive ventral hinge is located at the upper 
end of the late 3rd instar wing disc (Bryant, 1975a) and 
from this region the following five structures were 
scored: yellow club (YC), proximal ventral radius (PVR), 
pleural wing process (PWP), pleural sclerite (PS) and 
axillary pouch (AP)0 The location of these structures 
can be seen in fig. 4010 
The frequency of appearance of wing disc structures 
in 06 fragments after immediate metamorphosis or after 
culture for one to seven days prior to the induction of 
metamorphosis is shown in table 41 	In immediately 
metamorphosed fragments ventral hinge structures are 
completely absent in all but one implant, containing YC 
and PVRO When cultured 06 fragments are metamorphosed 
it is found that the occurrence of ventral hinge struct-
ures is dependant upon the length of culture (fig. 42) 
The first increase in the frequency of ventral hinge 
structures in cultured 06 fragments occurs after two days 
Fig. 4. 1 
Schematic diagrams of the late third instar wing disc. 
(a) Fate map (Bryant, 1975a), abbreviations same as in 
Fig. 21 	(b) Location of cuts used to generate 02, 06 
and 68 fragments, nomenclature according to Bryant .- (1975a)0 
(c) Location of cuts used to generate CADH (cut anterior 
dorsal hinge) fragment. (d) Location of cauterized regions 
(shaded) indicating extent of cell death. MADH = micro-
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Percentage of structures present after culture of 06 fragment. 
Culture Period (days) 
Structures 0 1 2 3 4 5. 6 7 
Notum 100 100 100 87 100 100 100 100 
WB 100 100 100 100 100 100 100 100 
Teg 94 82 92 93 90 100 100 88 
ASI 100 100 100 100 95 100 94 67 
SCd 94 100 92 93 90 100 83 71 
Costa 100 82 100 73 90 89 94 75 
TR 69 71 75 53 90 78 94 71 
DR 25 6 17 40 71 61 89 67 
PR 63 71 58 33 81 78 83 63 
AL 69 82 63 60 81 83 67 116 
AC 100 88 79 67 95 94 89 79 
YC* 6 0 8 20 62 50 61 71 
PVR* 6 6 17 20 71 56 67 71 
pp* 0 0 4 20 62 61 72 54 
PS 0 0 4 20 52 61 61 50 
AP* 0 0 4 20 48 61 61 50 
No. implants 16 	17 	24 	15 	21 	18 	18 	24 
Indicates ventral hinge structures 
Fig. 42 
Regeneration of ventral wing hinge structures after 
in vivo culture of 06 fragments () and cauterized discs 
(z) 	Ordinate = frequency of implants containing one or 
more ventral hinge structures. Abscissa =. number of 
days cultured in an adult female abdomen. 
© 	n 	2 	3 	16 	5 	6 	7 











of culture and the maximum frequency is achieved after 
four days (table 41, fig. 42) 	Between days one and 
four of culture the number of implants containing ventral 
hinge structures increases from 6% to 71%, the greatest 
increase in frequency occurring between days three and 
four, 20% to 71% (fig. 42) 	06 fragments cultured for 
more than four days do not show any further increase in 
the frequency of ventral hinge structures. Between days 
four and seven of culture only 45% of the implants regen-
erate, the maximum being 55% after day five. A statisti-
cal analysis of the data, presented in table 43, shows 
that the first significant increase in the frequency of 
ventral hinge structures occurs between days three and 
four of culture. 
4.2.2 Regeneration in Cauterized Discs - Ventral Hinge. 
Cautery of the presumptive ventral hinge region of the 
wing disc resulted in most of the structures being defic-
ient when the discs were immediately metamorphosed. The 
only exception was one implant which contained two of 
these structures, YC and PVRO The frequency of scored 
structures in metamorphosed discs previously cultured 
for one to seven days in adult female hosts is shown in 
table 42 and fig. 42 These results suggest that 
regeneration in cauterized discs is not occurring during 
the first three days of culture, but that it may have 
started by four days of culture. Variability in the 
frequency of ventral hinge structures in metamorphosed 
implants may be due to the cautery technique, but varia- 
Table 42 
Percentage of structures present after culture of cauterized 
discs 
Culture Period (days) 
Structures 0 1 2 3 4 5 6 7 
Notum 94 88 100 100 94 100 92 88 
WB 100 100 100 100 100 100 100 100 
Teg 100 82 94 100 94 91 75 88 
ASI 100 88 94 100 100 96 83 88 
SCd 76 94 94 83 89 83 75 75 
Costa 35 100 75 61 61 52 58 69 
TR 53 88 50 72 50 61 58 94 
DR 65 24 13 56 44 48 42 81 
PR 	- 82 88 69 78 67 48 58 67 
AL 76 88 63 67 44 48 50 38 
AC 88 100 88 94 72 87 50 81 
YC* 6 18 6 17 17 26 42 69 
PVR 6 18 6 11 22 26 42 75 
PWP 0 6 0 17 6 22 50 75 
PS* 0 6 0 6 6 17 50 75 
AP* 0 6 0 11 6 22 50 75 
No. implants 17 	17 	16 	18 	18 	23 	12 	16 
Indicates ventral hinge structures 
bility in wound healing may also be involved. After 
metamorphosis of implants previously cultured in vivo 
from three to seven days, the frequency of implants 
containing ventral hinge structures increases from 17% 
to 88% The greatest increase in the frequency of ventral 
hinge structures occurs between days five and six (30% 
to 50%) and days six and seven (50% to 88%) The fraction 
of implants in which regeneration is complete increases 
steadily from 6% after day four to 63% after day seven 
of culture. A statistical analysis of the data shows 
that the first significant increase in the frequency of 
ventral hinge structures occurs after six days of culture 
(table 43) 
A comparison of the data presented for regeneration 
in metamorphosed implants of the 06 fragment and the 
cauterized disc (tables 41 	403; fig. 402), indicate 
a clear difference in the time during culture when most 
of the regeneration of ventral hinge structures is occu-
rring. In 06 fragments regeneration occurs between days 
two and four of culture, whereas in cauterized discs 
regeneration occurs between days four and seven. 
In cauterized discs the process of wound healing also 
appears to be delayed by one to three days when compared 
to the process of would healing in cut fragments. It 
appears that in comparison to cutting, cautery delays 
both regeneration of deleted structures and the process 
of wound healing, it is therefore reasonable to conclude 
that under these conditions wound healing is a prerequisite 
for the regeneration of deleted structures in the wing disc. 
Table 4 . 3 
Statistical analysis of the data 
a) Analysis of the regeneration of ventral hinge structures. 
X2 value for each ventral hinge structure 
Days 06 fragments cauterized discs 
compared YC PVR PWP 	PS AP YC PVR PWP PS AP 
0-1 - - - - - - 
02 - - 	- - 0 0 0 0 0 
0-3 - - 	- - - - - - - 
O_L + + + 	+ + 0 0 0 0 0 
0-5 	• + + + 	+ + - - - - - 
0-6 0 0 0 	0 0 - - + + + 
0-7 0 0 
0 
0 	0 0 + + ± + + 
3_4 + + + 	- 0 0 0 0 0 
3-5 - + 	+ + 0 0 0 0 0 
5-6 0 0 0 	0 0 - - - - - 
5-7 0 0 0 	0 0 + + ± + + 
6-7 0 0 0 	0 0 - - - - 
+ Indicates compared results significantly different. 
- Indicates compared results notsignifiäantly different. 
0 Indicates data not compared. 
(P<O'05) 
Table 4.3 
Stastical analysis of the data. 
b) Comparison of regeneration in 06 fragments and cauterized 
discs0 
value for each ventral hinge structure 
06 fragment cauterized disc 
Days compared 	YC PVR PWP PS AP 
3.3 
44 	 ± 	+ 	+ 	+ 	+ 
5-5 	 - 	 + 	± 	+ 
6-6 	 -• 	 - 	-. 	- 
+ Indicates compared results significantly different. 
- Indicates compared results not significantly different. 
(P<OO5) 
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423 Regeneration in CADH Fragments. 
The anterior dorsal hinge is located in the mid-anter-
ior region of the late 3rd instar wing disc (fig. 401) 
and consists of the following nine structures: medial/dis-
tal costa (M/DC0), proximal costa (PCo), tegula (Teg), 
humeral plate (HP), unnamed plate (UP), anterior notal 
wing process (ANWP), first and second axillary sclerites 
(ASI and AS2) and the dorsal sensillae campaniformia 
(SCd.)0 Extirpating this region involved making two cuts 
(fig. 41) the location of which, due to the absence of 
suitable landmarks, were variable. 
The frequency of wing disc structures in CADH fragments 
after immediate metamorphosis or after culture for three, 
five and seven days prior to the induction of metamorphosis 
is shown in table 4.4. In immediately metamorphosed frag-
ments only three anterior dorsal hinge structures were 
consistently deleted, the PCo, M/DCo and HP, although 
four other structures (Teg, SCd, ANWP, UP) were absent 
in a majority of implants. This result reflects the 
variability in the position of the two cuts used to 
generate the CADH fragment. 
Following a period of culture prior to the induction 
of metamorphosis the resulting implants show that the 
CADH fragment is capable of both regeneration and dupli-
cation (table 44) However, the data presented in table 
44 indicates that the ability of the CADH fragment to 
regenerate is greater than its ability to duplicate, e0g0 
after seven days of culture the frequency of PCo has 
increased from 0% to 50% showing that at least 50% of 
Table 4.4 






3 5 7 
Notum 100 100(10) 100(13) 100(12) 
Scut 84 76(5) 94(13) 84(4) 
ANWP 41 57(5) 50 65(8) 
PNWP 73 86(10) 75(6) 81(8) 
UP 49 43(14) 50 58(4) 
ASI 80 67(19) 75(6) 77(15) 
AS2 73 67(19) 56(6) 69(12) 
AS3 94 95(14) 88(13) 85(15) 
AS4 80 67(5) 81(13) 77(15) 
SCd 39 71(5) 44(6) 62 
Teg 22 52 44 65 
4 5 44 54(4) 
PC0* 0 0 44 50 
M/DC0* 6 19 48 62 
TR 82 90 94 88(12) 
DR 92 81 88(6) 77(4) 
PR 90 71 75(6) 69 
AL 94 71 81 62(4) 
AC 78 86 75(13) 62 
Wing 100 100 100 100 
YC 61 52(5) 81(6) 69(4) 
PITR 67 57(5) 81(19) 73(8) 
PWP 90 81 94(25) 85(8) 
PS 96 81 94(19) 85(8) 
AP 96 86 94(6) 81(8) 
Regenerated 0 24 44 58 
Duplicated 0 19 31 31 
No. implants 51 21 16 26 
Figures in brackets are the frequency of. duplication 
for each structure. 
' Indicates structures consistently deleted by cutting. 
+ Percentage of implants that either regenerated or 
duplicated. 
71 
CADH fragments have regenerated, whereas only 31% (8/26) 
of CADH fragments have duplicated. Taking into account 
this dual ability of the CADH fragment, the data presented 
in table 44 suggests that in both regeneration and dupli-
cation the appearance of new structures occurs on a time 
scale similar to that observed for ventral hinge struct-
ures in the 06 fragment. A statistical analysis of the 
data confirms this view (table 48), the most significant 
increases in frequency occurring between days three and 
five of culture (PCo, 044%; HP, 544%; M/DC0, 19=48%) 
In duplicating fragments a significant increase occurs 
after three days of culture, but the frequency of dupli-
cation reaches its peak after five days of culture. 
When CADH fragments were isolated after a period of 
culture in adult female abdomens, two modes of homotypic 
wound healing were distinguishable. The first mode was 
similar to that observed infragments of the wing disc 
and called "regular healing" by Reinhardt et al. (1977), 
in which the two epithelial wound edges heal with each 
other. In the second mode each epithelial wound edge 
heals back upon itself in a fashion called "irregular 
healing" by Reinhardt et al. (1977) 	A third 'class of 
fragments in which the mode of wound healing could not 
be distinguished was also observed. In this experiment 
the mode of wound healing was clearly distinguishable 
only after three days of culture when 31% (9/29) healed 
regularly, 31% healed irregularly and in the remaining 
38% (9/29) the mode of wound healing couled not be dist- 
inguished. According to recent models of pattern regula- 
tion in the imaginal discs (French et a10 1 976; Russell 
and Hayes, 1980; Kauffman and Ling, 1981) the mode of 
wound healing observed should affect the regulative 
ability of a disc fragment. The models predict that 
regenerating fragments should heal regularly whereas 
duplicating fragments should heal irregularly. Consistent 
with this prediction is the finding that the frequency 
of both duplication and irregular healing are identical 
(31%) in the CADH fragmep.ts in the above experiment. 
Since regeneration is observed in at least 50% of CADH 
fragments, yet only 31% can be classified as having healed 
regularly, it suggests that most of the fragments in which 
the mode of wound healing could not be distinguished would 
regenerate. These predictions were tested by culturing 
the three types of fragment separately and observing their 
regulative ability. The results of this experiment are 
presented in chapter 5 and are consistent with the predic-
tions. 
40204 Regeneration in Cauterized Discs Dorsal Hinge. 
Cautery of the presumptive anterior dorsal hinge of 
the late 3rd instar wing disc deleted three structures, 
HP, Teg and PCo0 The xesults of this experiment are 
presented in tables 45 to 47; following immediate meta-
morphosis the frequency of these three structures was 
considerably reduced. 
Tables 45 to 47 show that during culture the MADH 
fragment is capable of both regeneration and duplication. 
Since cautery was more variable than cutting in removing 
Th1 i n LL.R 
Percentage of structures present after culture of MADH 
fragment. 
Culture Period (days) 
Structures 0 1 3 5 7 
Notum 98 100 100(3) 100 100(14) 
Scut 88 86 75 68 73(5) 
ANWP 41 57 47 59 41 
PNWP 70 82 64 81 68 
UP 52 64 64 62 50 
ASI 70 86 78(3) 92 55(9) 
AS2 68 79 69(3) 92 50(5) 
AS3 84 100 92 86 86(14) 
AS4 71 75 64 43 86(9) 
SCd 50 82 56 68 59(9) 
Teg 14 36 50 68 59(9) 
18 32 39 46 36 
PCo* 20 11 19 41 41 
M/DCo 54 54 69 62 73 
TR 84 86 83(3) 89 91(5) 
DR 80 75 81 65 91 
PR 79 79 86 68 86 
AL 80 93 83. 62 68 
AC 75 93 81 65 73 
Wing 100 100 100 100 100 
YC 73 82 81 73 86(9) 
PITR 75 82 78(3) 73 86(9) 
PWP 88 100 89(3) 89(3) 100(9) 
PS 86 100 89 89(3) 100(9) 
AP 88 100 89 86 100(9) 
Duplicated 	0 	0 	6 	3 	36 
No. implants 56 	28 	36 	37 	22 
Figures in brackets, * and + same as in table 44 
Table 46 
Percentage of structures present after culture of MADH 
fragment (series 1) 
Culture Period (days) 
Structures 0 1 3 5 7 
Notum 100 100 100(6) 100 100(14) 
Scut 82 86 69 81 73(5) 
ANWP 29 57 31 71 41 
PNWP 64 82 63 81 68 
UP 32 64 38 62 50 
ASI 57 86 56(6) 90 55(9) 
AS2 57 79 50(6) 90 50(5) 
AS3 86 100 88 81 86(14) 
AS4 75 75 63 43 86(9) 
SCd 43 82 44 67 59(9) 
Teg * 21 36 19 76 59(9) 
HP* 21 •32 25 57 36 
PCo* 32 11 19 52 41 
M/DC0 46 54 63 67 73 
TR 79 86 75(6) 81 91(5) 	a 
DR 82 75 75 62 91 
PR 79 79 88 76 86 
AL 86 93 75 71 68 
AC 79 93 81 67 73 
Wing 100 100 100 100 100 
YC 79 82 75 71 86(9) 
PVR 82 82 69 67 86(9) 
pwp 93 100 88 86(5) 100(9) 
PS 89 100 88 86(5) 100(9) 
AP 93 100 88 81 100(9) 
Duplicated 0 0 6 5 36 
No0 implants 28 	28 	16 	21 	22 
Figures in brackets, * and + same as in table 44 
Table k ° 7 
Percentage of structures present after culture of MADH 
fragments (series 2) 
Culture Period (days) 
Structures 0 3 5 
Notum 96 100 100 
Scut 93 80 50 
ANWP 54 60 44 
PNWP 75 70 81 
UP 	- 71 85 63 
ASI 82 95 94 
AS2 79 85. 94 
AS3 82 95 94 
AS4 68 65 44 
SCd 57 20 69 
Teg* 7 75 56 
HP* 14 50 31 
PC0* 7 20 25 
M/DCO * 61 75 56 
TR 89 90 . .100 
DR 79 85 69 
PR 79 85 56 
AL 75 90 50 
AC 68 80 73 
Wing 100 100 100 
YC 68 85 75 
PVR 68 85(5) 81 
PWP 82 90(5) 94 
PS 82 90 94 
AP 82 90 94 
Duplicated 0 5 0 
No. implants 28 20 16 
Figures in brackets, * and + same as in table 1+4 
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anterior dorsal hinge structures it was not possible to 
obtain an accurate estimate of the frequency with which 
MADH fragments regenerated. However, table 4.5 shows 
that after seven days of culture the frequency of dupli-
cating NADH fragments (36%) was almost identical to that 
observed in CADH fragments after seven days of culture 
(31%) This suggests that pattern regulation in these 
two fragments may be similar and that the' two modes of 
wound healing observed in CADH fragments may also occur 
in NADH fragments. It was not possible to determine the 
validity of this latter point. 
The data presented in table 4. 5 indicate that regener-
ation occurs during the first five days of culture. 
This was confirmed by statistical analysis of the data 
which shows that significant increases in the frequency 
of the three structures most commonly deleted by cautery, 
HP, Teg and PCo have occurred bythe fifth day of culture 
(table 48) 	However, serious infection problems (sect- 
ion 228) resulted in this experiment being performed 
over a considerable period of time, during which some of 
the culture periods (ad, 3d, 5d) were performed more' 
than once. Although all the data is combined in table 
45 it is presented separately in tables 4.6 and 4.7, 
showing that a lot of variability in either the deletion 
or regeneration of individual structures occurred in this 
experiment, e0g0 in the first three day, culture experiment 
Teg was present in only 19% of implants whereas in the 
second it was present in 75% of implants. This suggests 
that the regeneration data in table 4 0 5 should be treated 
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with caution. 
The data on the frequency of duplication, on the other 
hands presents a much clearer picture. Since all the 
structures scored in this experiment are present in single 
copies, the appearance of duplicated structures should 
provide a better indication of the regenerative ability 
of MADE fragments. It is clear from the data presented 
in table 45 that very little duplication of structures 
occurred during the first five days of culture, a view 
confirmed by statistical analysis (table 408) 	Yet by 
the seventh day of culture duplication has occurred in 
a significant proportion of MADE fragments, demonstrating 
that most duplication occurred between the fifth and 
seventh day of culture. Tables 46 and 4.7 show that 
throughout the duration of this experiment there was very 
little variability in the frequency of duplicated MADE 
implants, the frequency in both the original and repeat 
experiments being similar. 
A comparison of the data presented for duplication in 
metamorphosed implants of the CADH and M.ADH fragments 
(tables +O4 and 45) indicates a clear difference in the 
time during culture when 	duplication of anterior 
dorsal hinge structures occurred. In CADH fragments. 
duplication occurred during the first five days of culture, 
whereas in MADE fragments duplication occurred between 
days five and seven. Regeneration on the other hand 
occurred during a similar time period in both CADH and 
MADE fragments. However, as mentioned above the results 
for regeneration in MADH fragments should be interpreted 
Table 4 . 8 
Statistical analysis of C/MADE data 
a) Analysis of the regeneration of anterior dorsal hinge 
structures. 
Days 	CADH 





Dup 	Teg 	HP 
fragments 
PCo 	Dup 
0-1 0 0 0 0 0 	- 
0-3 + + + 	+ 	+ - 
0-5 + + + + 	± 	+ 
0-7 + + + + + 	+ 	- + 
1-3 0 0 0 0 0 	- 	- 
1-5 0 0 0 0 0 	+ 	- + 	- 
1-7 0 0 0 0 0 	- 	- + 	± 
3-5 - + + - - 	- 	- - 	- 
3-7 - + + + - 	- 	- - 	+ 
5-7 - - - - - 	- 	- - 	± 
+ Indicates compared results significantly different. 
- Indicates compared results not significantly different. 
0 Indicates data not compared. 
(P<0o5) 
Table 4.8 
Statistical analysis of the data. 
b) Comparison of regeneration in CADH and MADH discs. 
values 
CADH MADH 
Days compared 	Teg HP PCo Dup 
o.=.o 	 + 	+ 
3-3 	 + 	+ 
5.=,.5 	 + 	 + 
7.=7 	 + 
+ Indicates compared results significantly different 
Indicates compared results not significantly different. 
(P<O05) 
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with caution, since the effects of cautery on anterior 
dorsal hinge structures is variable. 
In MADH fragments the process of wound healing appears 
to be delayed by one to three days when compared to wound 
healing in CADH fragments. It appears that in comparison 
to cutting, cautery delays both wound healing and dupli- 
cation suggesting that the former is a prerequisite for 
the latter. Yet, contrary to the results obtained in 
the ventral hinge, regeneration of anterior dorsal hinge 
structures may not require wound healing. The delay in 
wound healing observed in MADH fragments does not result 
in an obvious delay in the frequency of regeneration in 
these fragments when compared to regeneration in CADH 
fragments. Therefore, in the NADH fragment regeneration 
and duplication may have different requirements. 
425 Mixing . 
It has been shown that heavily X-irradiated cells 
retain the ability to provide positional signals for up 
to two days after irradiation and can stimulate disc 
regulation (Adler and Bryant, 1977; Wilcox and Smith, 
1977) 	If cells killed by cautery also retain this 
ability, then in the above experiments regulation would 
not occur until the cells have lost that ability. This 
could explain the observed delay in regeneration after 
cautery of the presumptive ventral hinge region of the 
wing disc. To test this possibility cauterized wild-type 
68 fragments were mixed with e mwh, 02 fragments (fig. 41) 
and then cultured in adult female abdomens for seven days 
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prior to inducing metamorphosis. 
In this experiment only implants in which the dead 
cells of the 68 fragment remained in contact with the 
living cells of the 02 fragment after seven days of 
culture were counted. This was necessary to ensure that 
the two fragments did not separate and fail to interact 
with each other. The cauterized 68 fragment failed to 
induce regeneration in any of the eight implants obtained 
in this experiment, whereas in control experiments (wild-
type 68 fragment mixed with e mwh 02 fragment) 5/9 implants 
were induced to regenerate. This suggests that cauterized 
tissue does not retain any positional signals and there-
fore the delay in regeneration observed after cautery 
cannot be explained by assuming that cauterized cells 
still signal their existence to their neighbours, but 
fail to produce adult cuticle during metamorphosis. 
4.2.6 Auto radiography. 
When fragments of late 3rd instar wing discs are 
labelled with 3H.=thymidine after culture in adult female 
abdomens, the label is found localized close to the wound 
edge (chapter 3; fig. 43) 	This indicates that the 
cells closest to the wound give rise to the regenerated 
structures of the wing. In all fragments tested (06 9 02, 
, CADH) the localized label is observed after just one 
day of culture, when the first cell contacts have been 
established between the wound edges (Reinhardt et al. 
1977) 	To test whether wound healing is required for 
this localization of label around the wound, cauterized 
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discs were cultured in adult female abdomens for one to 
seven days prior to labelling with 3H-thymidine and auto-
radiography. The results of this experiment are presented 
in table 49 	It is clear from this table that cautery 
of either the presumptive ventral hinge or the presumptive 
anterior dorsal hinge regions of the wing disc does not 
delay the localization of label around the wound edge, 
which occurs after one day of culture in both cut and 
cauterized discs (fig. 	3) 	Since wound healing does 
not occur until at least the second day of culture this 
suggests that wound healing and the cell-cell contact it 
mediates is not required for the initiation of DNA repli-
cation around the wound. It is not known at present 
whether cell division follows this DNA replication immed-
iately or whether cell division actually requires wound 
healing. 
However, it is also clear that cautery of the presump-
tive ventral hinge region of the wing disc extends the 
period during which label can be found localized around 
the wound by two days. This suggests that the localiza-
tion of label found after one day of culture may not be 
due to regeneration, but may be the result of DNA replic-
ation in cells migrating after burns. It is known that 
such cells do divide in other insect systems (Wigglesworth, 
1 937) 	This may also explain why after cautery the frac- 
tion of discs in which localized label is observed is 
higher than after cutting. It is not known whether these 
cells contribute to the regenerated tissue. 
Table 4°9 
Autoradiographic analysis of cut and cauterized wing discs. 
Fragments 
Culture 06 MVII CADH MADH 
period 
(days) n n n n 
Od 14 0 13 0 16 0 25 0 
Id 21 24 14 29 25 20 23 13 
2d 24 33 13 62 14 50 15 20 
3d 14 43 17 71 21 48 23 43 
15 20 14 71 14 50 22 50 
5d 20 0 27 37 13 15 10 30 
6d 7 0 15 20 11 0 12 17 
7d 0 0 15 0 14 0 24 8 
n = total number of discs scored 
= percentage of discs showing clustering of labelled 
nuclei around the wound. 
Fig. 43 
(a='b) Late third instar wing discs showing region of 
cell death (CD) immediately after cautery of the presump-
tive ventral wing hinge (a) and presumptive anterior 
dorsal wing hinge (b)0 (c-d) Autoradiographs of an 06 
(c) and a C.ADH (d) fragment showing clusters of labelled 
nuclei (L1'T) around the wound after I day of culture. 
(e=.f) Autoradiographs of a MVII (e) and a MADH (1') frag-
ment after I day of culture showing clustering of label-
led nuclei (LN) around the region of cell death (CD)0 
N1 







Most of the results presented demonstrate the import-
ance of homotypic wound healing in the regulative behav-
iour of the mature imaginal wing disc. Regeneration of 
deleted ventral wing hinge structures can be retarded by 
delaying the time at which the epithelial wound edges 
heal together.. Reinhardt et al. (1977) have previously 
shown that when the mature wing disc is cut with a tung-
sten needle then the resulting wound heals during the 
first two days of culture. This was observed to be the 
case in the 06 fragments used above. Cautery of the pre-
sumptive ventral hinge region left a region of dead cells 
between the wound edges and was found to prevent homoty-
pic wound healing until at least the second day of cult-
ure. Most of the healing occurred during the third and 
fourth days of culture. Tables 4.1 and 4.2 (alsq fig. 11.2) 
show that regeneration in cauterized discs is delayed 
by two days in comparison with regeneration in cut discs, 
suggesting that homotypic wound healing is required for 
the regeneration of deleted structures in the wing disc. 
Following cautery of the presumptive anterior dorsal 
wing hinge regeneration of deleted structures may not be 
delayed, even though homotypic wound healing is delayed, 
when compared to cut fragments (tables 4 • 4 and 4.5). 
However, serious infection problems meant that this exp-
eriment was performed over a considerable period of time, 
during which variability in either the deletion or reg-
eneration of anterior dorsal hinge structures may have 
occurred (tables 4.6 and 4.7), suggesting that the reg- 
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eneration data presented in table 45 should be treated 
with caution. Further, duplication in the same population 
of fragments is clearly delayed in cauterized fragments 
when compared to cut fragments (tables 44 and 4 05)0 
Since all the wing disc structures scored in this exper-
iment are present in single copies, the appearence of 
duplicated structures should provide a clearer indication 
of the regulative ability of the MADH fragment than the 
regeneration of variably deleted structures. The duplic-
ation data presented in tables 4.4 and 4o 5 is consistent 
with the data presented for regeneration of the ventral 
hinge in tables 41 and402 and suggests that homotypic 
wound healing is required for both regeneration and dup-
lication - in wing disc fragments. An alternative interpre-
tation of the results following deletion of the anterior 
dorsal wing hinge is that whereas duplication requires 
homotypic wound healing regeneration does not. This inter-
pretation is hard to reconcile with the observation that 
regeneration following deletion of the ventral wing hinge 
requires homotypic wound healing. 
Fragments of the mature wing disc generated by cutting 
heal their wounds (Reinhardt et a101977; Reinhardt and 
Bryant,1981) and exhibit localized clustering of DNA rep-
lication at the wound edge (chapter 3) after just one day 
of culture (fig0403)0 In cauterized discs wound healing 
does not occur until at least the second day of culture, 
yet in these discs DNA replication was localized at the 
wound edge after just one day of culture (fig0403)0 
There are at least three possible explanations as to 
why this DNA replication is observed: (1) DNA replication 
is required for the migration of living cells over the 
cauterized region; (2) DNA replication is initiated by 
heterotypic wound healing during which transient cont-
acts are established between the living cells of the 
epithelium and the peripodial membrane; (3) contact bet-
ween cells of disparate positional values is not required 
to initiate regulative DNA replication. Points (1) and 
(2) and points (1) and (3) are not mutually exclusive. 
After cautery of the abdominal segments of hemimetab-. 
olous insects, living cells migrate over the cauterized 
region of dead cells and restore epidermal continuity. 
During migration the cells at the wound edges divide 
(Wigglesworth,1937)0 If a similar region is removed by 
cutting, migration and wound closure occurs without cell 
division becoming localized at the wound edge (Wiggles 
worth,1937)0 Recent evidence suggests that the cells 
responsible for wound healing following cautery change 
their positional value before epidermal continuity is 
restored (Wright and Lawrence,1981)0 Whether this is 
true in cauterized imaginal discs is at present unknown. 
Cautery of the imaginal wing disc delays both wound heal-
ing and regeneration by at least two days and also extends 
the period of localized DNA replication at the wound edge 
by two days. This suggests that pattern regulation in the 
experiments reported here may be linked to cell divisions 
that take place after wound healing, rather than during 
cell migration before wound healing. 
Reinhardt et al0(1977) and Reinhardt and Bryant (1981) 
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have shown that during wound healing in the wing disc 
contact is first established between the columnar cells 
of the epithelium and the squamous cells of the peripodial 
membrane (heterotypic healing). Contact between these two 
cell layers is broken once contact is established between 
the wound edges of the epithelium (homotypic healing). 
The contact established between the epithelium and the 
peripodial membrane during heterotypic wound healing is 
therefore short-lived and no junctions are formed between 
them (Reinhardt and Bryant,1981)0 Whether heterotypic 
healing occurred in cauterized discs was not determined. 
Cautery of the columnar epithelium did not appear to 
kill cells of the peripodial membrane, which failed to 
take up significant amounts of trypan-blue stain (simi-
larly cautery of the peripodial membrane does not kill 
cells of the epithelium, not only is no stain taken up 
but following metamorphosis no structures are deleted 
(Dale, unpublished)). The epithelial wound edge would not, 
therefore, have a wound edge in the peripodial membrane 
with which to make contact. If heterotypic wound healing 
did occur then contact would have been for a short time 
only in most cases, since the epithelial margins very quickly 
start to heal, thereby expelling the dead cells into the 
disc lumen. Most models of pattern regulation in the 
imaginal discs (Bryant,1975b; French et a101976; Russell 
and Hayes, 1980; Kauffman and Ling, 1981) have not consid-
ered the peripodial membrane as part of the regulative 
field, since it was thought to degenerate during metamor-
phosis (Poodry and Schneiderman,1970) and did not appear 
to differentiate any adult structures. Recently evidence 
has been presented which shows that the peripodial memb-
rane of the labial disc (Kumar et a101979), leg disc 
(Guillermet and Mandaron,1980), wing disc (Guillérmet 
and Mandaron,1980) and eye-antennal disc (Haynie,pers0 
comm.) differentiate some adult structures. Similarly, in 
the wing disc of Calliphora the peripodial membrane diff-
erentiates adult structures (Sprey and Oldenhave,1974)0 
It is possible, therefore, that the peripodial membrane 
is part of the regulatory field of the mature Drosophila 
wing disc (Cummings and Prothero,1978; Bryant 9  1978a; 
Deak,1980) and that contact between this layer and the 
columnar epithelium could induce the localized DNA rep-
lication observed. 
Karpen and Schubiger(1981) have recently suggested 
that homotypic wound healing is not required for regen-
eration in the imaginal leg disc of Drosophila0 	frag- 
ments of the leg disc lacking the upper medial quadrant 
duplicate during culture (Schubiger,1971) and Abbott et 
a10(1981) have shown that the duplicate structures are 
generated in a blastema located along only one of the 
two cut edges. When tissue in the region of this cut 
edge is isolated immediately following production of the 
fragment, then during subsequent culture it will only 
duplicate. If, however, the -- fragment is cultured for 
one day prior to the isolation of this cut region, then 
during subsequent culture the cut edge region is capable 
of regenerating structures belonging to all regions of 
the leg disc. Karpen and Schubiger (1981) observed that 
after one day of culture the two cut edges of the J frag-
ment had not healed together and conclude that homotypic 
wound healing had not occurred. Based on these observat-
ions Karpen and Schubiger (1981) proposed the following 
points: (1) the change in regulative behaviour observed 
in the cut edge fragment is the result of blastema forma-
tion during the first day of culture; (2) homotypic wound 
healing is not responsible for the initiation of blastema 
formation and subsequent pattern regulation; (3) blastema 
formation is initiated by either heterotypic wound heal-
ing or simply the presence of a free cut edge. These 
conclusions are inconsistent with the data presented 
above which suggests that pattern regulation in cauterized 
wing disc fragments requires homotypic wound healing. 
Reinhardt et a10( 1 977) have suggested that two modes of 
homotypic wound healing may occur in imaginal discs: 
regular, in which two wound edges heal 4th each other 
and irregular, in which two wound edges heal back upon 
themselves. This is demonstrated by the CADH fragment 
examined above which appears to be capable of healing 
in either an irregular or regular 'fashion. Karpen and 
Schubiger (1981) have only shown that in the fragment 
of the leg disc regular healing has not occurred after 
one day of culture. However, a close examination of their 
figure 3 suggests that wound healing has indeed occurred 
after one day of culture but that it has occurred in an 
irregular fashion. This is most clearly demonstrated by 
the vertical cut which appears to have folded back upon 
itself, suggesting that homotypic wound healing has occurred 
and may be responsible for blastema formation. 
Chapter 5 
Pattern Regulation in Wing Disc 
Fragments Which Show Variable 
Wound Healing 
51 Introduction. 
Recent models of epimorphic pattern- regulation propose 
that local interactions between cells from formally disp-
arate positions, provoke intercalation of those intermed-
iary positional values requiring minimal regeneration 
(French et al. 1976; Cummings and Prothero, 1 978; Russell 
and Hayes, 1980; Winfree, 1980; Lewis, 1981; Mittenthal, 
1981; Kauffman and Ling, 1981) Evidence in favour of 
this suggestion is provided by grafting experiments on 
the larval cockroach limb; the structures regenerated 
are determined by the normal location of the cells 
confronted at the host-graft junction (Bohn, 1970a,b; 
Bullire, 1971; French, 1976a; 1978; 1980) 	Different 
host-graft combinations stimulate alternative directions 
of regeneration in both tissues. Similar experiments 
have been performed on the imaginal discs of Drosophila 
and have produced essentially the same result (Haynie 
and Bryant, 1976; Adler and Bryant, 1977; Haynie and 
Schubiger, 1979) 	This type of experiment shows that the 
developmental fate of a cell can be modified by interact-
ion with cells which are not its normal neighbours. 
In the imaginal discs cell-cell interactions are pre-
ceeded by the process of wound healing which apposes 
cells from disparate positions in the disc (Reinhardt 
et a10 1977; Reinhardt and Bryant, 1981) 	While the 
results presented in chapter 4 show that wound healing 
is required for the initiation of pattern regulation in 
the wing disc, they are not sufficient to confirm the 
view that the direction of intercalation is determined 
by the normal location of apposed cells. If this is the 
case then variations in the mode of wound healing should 
lead to variations in the regulative ability of disc 
fragments. Pattern regulation in imaginal disc fragments 
is often variable; in many fragments duplication of struc-
tures expected from the fate map is accompanied by regen-
eration of others (Schubiger, 1971; van der Meer and 
Ouweneel, 1974; Bryant, 1975a; Duranceau et a10 1980; 
Kauffman and Ling, 1981; Karlsson and Smith, 1981; Kirby 
et al. 1982) 9 a phenomenon called "regenerative duplica-
tion" (van der Meer and Ouweneel, 1974), and a number of 
wing disc fragments are capable of alternatively regener-
ating or duplicating (Karlsson, 1981a; Kauffman and Ling, 
1981) 	Reinhardt et al, (1977) have described two modes 
of wound healing whichmay occur in imaginal disc fragments: 
(i) regular, in which wound healing creates maximal posit-
ional discontinuities; (ii) irregular, in which wound 	a 
healing creates less than maximal positional discontinui-
ties. It is expected that during pattern regulation these 
two modes of wound healing would result in the intercala-
tion of different intermediary structures. In chapter 4 
the CADH fragment was shown to be capable of alternatively 
regenerating or duplicating and both modes of wound heal-
ing described by Reinhardt et a10 (1977) were observed. 
Whether regeneration and duplication in this fragment is 
associated with a particular mode of wound healing was 
tested. A number of different "-i pie" fragments were 
also examined for variations in both wound healing and 
pattern regulation. 
52 Results. 
Fifteen J pie fragments were used in this study, each 
generated by utilizing two cuts to remove a different 
sector of the mature 3rd instar wing disc. The location of 
the cuts used to generate these fragments are illustrated 
in figs-5.1-5.2. Each fragment was either implanted 
into a mature larval host immediately, to establish its 
presumptive fate, or cultured in an adult female host for 
six days prior to inducing metamorphosis, thereby allowing 
its regulative capabilities to be established. Fragments 
implanted into an adult female host were isolated after 
two days of culture and the mode of wound healing analysed. 
Three classes of wound healing were identified: (i) regu-
lar, the two wound edges heal together (figs. 503b and 
505b); (ii) irregular, each wound edge heals back upon 
itself (figs. 503c and 505c); (iii) indistinguishable, 
the precise mode of wound healing could not be distingui-
shed (figs. 503d and 505d)0 Clearly this classification 
is subjective and inaccuracies may have occurred. The 
frequency of the three classes of wound healing in each 
of the fifteen fragments used in this study is presented 
in table 51 	In three of these fifteen fragments (CADH, 
ventral, BFIp) each wound healing class was subsequently 
treated separately. Fragments were implanted in a second 
adult female host for a further four days and then trans-
planted into a mature larval host to induce immediate 
metamorphosis. The results of this study are presented 
below. 
Fig. 51 
Schematic drawings of the late 3rd instar wing disc 
showing location of cuts used to generate CADH, Ventral 
and BFId fragments (unshaded areas). (a) CADH, (b) CADHv, 
(c) CADHd, (d) Ventral, (e) Ventral a, (f) Ventral p, 














Schematic drawings of the late 3rd instar wing disc 
showing location of cuts used to generate Ili pie" frag-
ments (unshaded areas). Nomenclature according to Bryant 
(1975a)0 (a) 3j-D=-pd (posterior/dorsal), (b) 134D ad 
(anterior/dorsal), (c) 3j-D-pv (posterior/ventral), 
(d) 3'7D=av (anterior/ventral), (e)13D-pd, (f)13D-ad, 
(g) 3D-pv, (h) 13Dav, (i)2Dpd, (j) 2D-ad, 











Frequency of regular (Reg), irregular (Irreg) and indis-
tinguishable (Ind) wound healing infragments of the 
wing disc. 
Fragment 	n 	Reg 	Irreg 	Ind 
CADH 413 30 31 39 
ventral 101 19 35 147 
BFIp 198 9 51 40 
3-D-pd 32 88 0 12 
29 86 0 14 
3D-'D 44 16 11 73 
*3Dav 25 76 4 20 
3D-pd 36 14 11 75 
3D.-ad 30 80 0 20 
3Dpv 29 81 0 19 
3Dav 28 82 0 18 
2D-pd 31 6 13 81 
2D-ad 28 4 14 82 
13C-pd 22 0 100 0 
3E-pd 34 29 24 47 
n = number of fragments scored. 
5 . 2 . 1 CADH Fragment. 
As reported in chapter 4 this fragment is capable of 
both regeneration and duplication (table 502a) and all 
three modes of wound healing are observed (table 51; 
fig. 503)0 The results presented in table 502b show 
clear differences in the regulative ability of the three 
classes of CADH fragment. Regular healing resulted in 
76% (13/17) of fragments regenerating, although a single 
fragment also duplicated the first and second axillary 
sclerites (ASI and AS2)0 On the other hand 42% (8/19) 
of fragments which healed irregularly duplicated (fig. 
504a,b), only 16% (3/19) regenerated and two of these 
also duplicated ventral hinge structures (PWP, PS, AP). 
Thirty-nine percent (7/18) of fragments in which the mode 
of wound healing could not be distinguished regenerated, 
11% (2/18) duplicated (Notum, Scuteilum, PWP, PS, AP). 
and one fragment regenerated proximal costa (PCo) while 
duplicating the first axillary sclerites (ASI)0 In all 
three classes many fragments appear not to have regulated 
(R 4/17; IR 8/19; Ind 8/18), differentiating single copies 
of fate map structures. 
Following irregular wound healing pattern regulation 
in the CADH fragment is expected to be the result of the 
two wound edges regulating independently To test the 
regulative ability of the two wound edges the CADH frag-
ment was cut into two smaller fragments, one ventral 
(CADH-v) the other dorsal (CADH-d)0 These fragments are 
illustrated in fig0 501b-c and the results of this experi-
ment are presented in table 5030 Both fragments predom- 
Fig. 5,3 
Wound healing in cultured CA]JH fragments. (a) uncult-
ured fragment. (b) CADH fragments after two days of cult-
ure, the two wound edges have healed regularly. (c) CADE 
fragments after two days of culture, the two wound edges 
have healed irregularly. (d) CADH fragments after two 
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Fig. 5.4 
Duplicated wing disc derivatives in cultured (6 days) 
implants. (a) Duplicated ventral wing hinge from irreg-
ularly healed CADH fragment. (b) Duplicated dorsal wing 
hinge from irregularly healed 3C-pd fragment. (c) Dup-
licated 3rd and fourth axillary sclerites (AS3 and AS4) 
from irregularly healed CADH fragment. Abbreviations 
are as in Fig. 2.1. 
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Percentage of structures formed by CADH fragments follow-
ing regular (Reg), irregular (Irreg) and indistinguishable 
(Ind) wound healing. 
Node of a) not b) 
wound healing classified Reg Irreg Ind 
Culture period 0 7 6 6 6 
(days) 
Notum 100 100(12) 100 100(21) 100(11) 
Scut 84 84(4) 94 79(21) 89(11) 
ANWP '-I-I 65(8) 76 16 50 
PNWP 73 81(8) 82 37 72 
UP 49 58(4) 76 5 50 
ASI 80 77(15) 82(6) 74(21) 76(6) 
A82 73 69(12) 82(6) 11 44 
AS3 94 85(15) 94 74(26) 78 
A54 80 77(15) 76 58(21) 61 
SCd 39 62 59 21(5) 39 
HP 4 54(24) 53 5 39 
Teg 22 65 65 26 33 
PCo 0 50 59 16 44(6) 
N/DCo 6 62 41 0 33 
TR 82 88(12) 88 74(5) 78 
DR 92 77(4) 59 84(5) 89 
PR 90 69 65 32 44 
AL 94 62(4) 59 32(11) 56 
AC 78 62 79 63 67 
Wing 100 100 100 100 100 
YC 61 69(4) 50 32(16) 44 
PVR 67 73(8) 67 32(16) 56 
PWP 90 85(8) 94 84(42) 94(11) 
PS 96 85(8) 94 84(42) 94(11) 
AP 96 81(8) 94 84(42) 94(11) 
Regenerated 	0 	46 71 5 	39 
Duplicated 0 31 0 42 11 
Reg 0 /Dup 0 * 	0 	12 6 11 	6 
No. implants 	51 	26 17 19 	18 
* frequency of regenerative duplication. 
Table 503 
Percentage of structures formed by the CADH-v and CADH-d 
fragments. 
Fragment 	 CADH-v 	 CADHd 
Culture period 0 6 0 6 
(days) 
Notum 0 13 100 100(86) 
Scut 0 0 100 100(71) 
ANWP 0 4 24 7 
PNWP 0 4 82 71(57) 
UP 0 4 24 0 
ASI 0 4 53 29(14) 
AS2 0 4 29 21(7) 
AS3 67 65(43) 18 21(14) 
AS4 53 52(30) 65 50(14) 
SCd 0 0 12 0 
HP 0 4 0 0 
Teg 0 0 6 0 
PCo 0 0 0 0 
M/DC0 0 4 0 0 
TR 80 61(4) 0 0 
DR 87 87(9) 0 0 
PR 100 57(9) 0 0 
AL 100 48(4) 0 0 
AC 100 61(30) 0 0 
Wing 100 100 0 0 
YC 7 48(13) 0 0 
PITR 7 43(22) 0 0 
PWP 80 96(35) 0 0 
PS 87 96(35) 0 0 
AP 87 91(17) 0 0 
Regenerated 0 	13 	 0 	0 
Duplicate& 0 57 0 86 
Reg o /Dup* 0 	0 	 0 	0 
No. implants 15 	23 	17 	14 
(?) = frequency of duplication for each structure. 
+ = frequency of regeneration and duplication 
* = frequency of regenerative duplication 
inantly duplicate (CADHv 13/23; OADHd .12/1LI) but the 
CADH.=v fragment also has a limited ability to regenerate 
(3/23); two fragments: regenerated adventitious notum 
while a third fragment regenerated notum and several 
dorsal hinge structures not present in the fate map 
(ANWP, PNWP, UP, ASI, AS2 9 HP, M/DCo)0 The regulative 
ability of the dorsal and ventral fragments combined is 
similar to that of irregularly healed CADH fragments, 
result expected if pattern regulation in this latter 
fragment is a result of the two wound edges regulating 
independently.  
5.2.2 Ventral Fragment. 	
(Fig 501d) 
Table 504a shows that while the ventral framentis 
capable of both regeneratiori and duplication, regeneration' 
is the pr•edominant result. The frequency of each mode of 
wound healing observed in this fragment is presented in 
table 51 and the results of culturing each class of 
fragment separately are presented in table 504b0 It is 
clear from this table that regular healing (fig. 505b) 
does not result in any duplication, 89% (8/9) of these 
fragments regenerated extensively. Regeneration is also 
the predominant result when the mode of wound healing 
could not be distinguished (fig. 505d), 50% (10/20) of 
these fragments regenerated exclusively and in a further 
35% (7/20) regeneration of some structures was accompanied 
by duplication of others (AS3, AS'-I-, AL, AC, YC, PVR, PWP, 
PS, AP). Duplication alone was only observed in two frag-
ments (AS3, ASL, HP, YC, PVR, PWP, PS, AP). Irregular 
Fig. 505 
Wound healing in cultured Ventral fragments. (a) Uncult-
ured fragment. (bd) Ventral fragments after two days of 
culture. (b) Regular healing. (c) Irregular healing. 
(d) Indistinguishable healing. 
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Table 5.4 
Percentage of structures formed by ventral fragments 
following regular (Reg), irregular (Irreg) and indisting-
uishable (Ind) wound healing. 
Mode of a) not b) 
wound healing classified Reg Irreg Ind 
Culture period 0 6 6 6 6 
(days) 
Notum 0 74 89 53 90 
Scut 0 74 78 53 80 
ANWP 0 63 78 53 75 
PNWP 0 68 78 53 80 
UP 0 68 89 59 80 
ASI 0 68 89 59 80 
AS2 0 63 89 59 75 
AS3 100 84(26) 100 94(47) 95(45) 
AS4 94 63(11) 67 53(24) 70(30) 
SCd 0 68 89 53 85 
HP 0 74(5) 67 53 85 
Teg 100 84 100 71(6) 100 
PC0 100 79 78 88 90 
M/DC0 100 79 78 94 85 
TR 100 74 100 71 85 
DR 44 53 56 53 70 
PR 100 63 78 76 70 
AL 89 68(5) 78 71 (12) 80(15) 
AC 100 79(11) 89 94(18) 95(40) 
Wing 100 100 100 100 100 
YC 100 68(11) 78 88(18) 95(15) 
PVR 100 74(11) 78 88(18) 95(15) 
PWP 100 84(11) 89 94(18) 100(20) 
PS 100 84(11) 89 94(18) 100(20) 
AP 100 84(5) 78 94(18) 100(15) 
Regenerated 0 53 89 24 50 
Duplicated 0 11 0 24 10 
Reg./Dup.* 0 21 0 35 35 
No. implants 18 19 	 9 	17 	20 
(?), + and * see table 5.3. 
Table 505 
Percentage of structures formed by the ventral-a and 
ventral-p fragments 
Fragment ventral-a ventral-p 
Culture period 0 6 0 6 
(days) 
Notum 0 77 0 0 
Scut 0 23 0 0 
ANWP 0 38 0 0 
PNWP 0 46 0 0 
UP 0 31 0 0 
ASI 0 46 0 0 
AS2 0 46 0 0 
AS3 0 31 100 100(88) 
AS4 0 15 100 88(75) 
SCd 0 31 0 0 
HP 36 38 0 0 
Teg 82 85(15) 0 0 
PC0 100 69 0 0 
N/DC0 	- 91 92 0 0 
TR 91 85 0 0 
DR 9 54 25 0 
PR 0 23 75 38 
AL 0 15 100 75(25) 
AC 0 15 100 75(75) 
Wing 100 100 100 100 
YC 91 85(15) 0 0 
PVR 82 85(15) 0 0 
PWP 91 92(23) 0 0 
PS 91 92(23) 0 0 
AP 73 92(15) 0 0 
Regenerated 0 54 0 0 
Duplicated 0 8 0 88 
Reg o /Dup 0 * 0 23 0 0 
No. implants 	11 	13 	 16 	16 
(?), + and * see table 5030 
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healing (fig. 505c) results in equal frequencies of 
regeneration and duplication, 24% (4/17), both often 
occurring in the same fragment, 35% (6/17)., 
The frequency of regeneration following irregular 
healing was unexpected; a possible explanation is that 
either one or both halves of the ventral fragment are 
independently capable of regeneration. Indeed, Karisson 
(1981a) observed that a fragment similar to the anterior 
half of the ventral fragment is capable of both regenera-
tion and duplication. Furthermore, four irregular frag-
ments regenerated whilst duplicating structures from the 
posterior half (AS3, AL, AC). To test this possibility 
the ventral fragment was bisected into its anterior 
(ventral-a) and posterior (ventral-p) halves. These 
fragments are illustrated i-n fig. 501e-f 0 and the results 
of this experiment are presented in table 5050 Whereas 
the posterior half was only capable of duplicating (14/18), 
the anterior half was capable of extensive regeneration 
(7/13) The anterior half was also capable of duplication 
(4/13); one duplicating fragment failed to regenerate any 
structures, a further two regenerated adventitious notum 
and the final fragment regenerated a large amount of 
notum and three dorsal hinge structures (ASI, AS2, SCd)0 
5 . 2 . 3 BFId Fragment. 
Table 506a shows that this fragment is also capable 
of both regeneration and duplication, once again regener-
ation being the predominant result. Although all three 
modes of wound healing were observed, in this fragment, 
the frequency of regular healing was low (table 51) and 
only three implants were obtained after metamorphosi all 
of which regenerated (table - - 5.6b). Fragments in which 
wound healing could not be distinguished mainly regener-
ated (12/22), two fragments duplicated (AS3, ASLI, Teg, 
YC, PVR) and two fragments both duplicated (AS3, AS4, AL, 
AC, TR, DR, PR) and. regenerated (UP, SCd, TR)O Irregular 
healing resulted in variable pattern regulation but the 
frequency of duplication was greater than that found in 
the other classes of wound healing (table 506b)0 In this 
class of fragment 20% (4/20) regenerated either one or 
two dorsal hinge structures (UP, SCd), 30% (6/20) dupli-
cated (A83, AC, Teg, YC, PVR) and a further 30% both 
duplicated (A83, AC, AL) and regenerated (UP, SCd, DR, 
PWP, PS, AP). 
Regeneration following irregular healing could result 
from either one or both halves of the BFId fragment being 
capable of both duplication and regeneration. This was 
found to be the case in the ventral-a fragment mentioned 
above and previous studies on the wing disc have shown 
that predominantly duplicating anterior fragments are 
often capable of regeneration (Bryant, 1975a; Karisson, 
1980; Kauffman and. Ling, 1981) 	The BFId fragment was 
cut into two smaller fragments, one anterior (BFId-a) 
the other posterior (BFId-p); these two fragments are 
illustrated in fig. 5.1h-i. Each was cultured separately 
for six days and table 57 shows that neither of these 
two fragments regenerated. 
A further possibility is that some fragments may have 
Table 56 
Percentage of structures formed by BFId fragments following 
regular (Reg), irregular (Irreg) and indistinguishable 
(Ind) wound healing. 
Node of 	a) not 	 b) 
wound healing classified 	Reg 	Irreg 	Ind 
Culture 
(days) 
period 	0 6 6 6 6 
Notum 100 100 100 100 100 
Scut 100 95 100 100 100 
ANWP 14 41 100 30 45 
PNWP 45 45 100 45 41 
UP 0 45 100 50 41 
ASI 36 50 100 65 41 
AS2 18 35 100 35 32 
AS3 95 68(32) 100 75(60) 68(14) 
AS4 95 55(32) 67 60(20) 59(9) 
SCd 0 41 100 20 55 
HP 14 41 100 40 36 
Teg 91 86(5) 100 95(20) 91(5) 
PCo 82 55 - 100 65 50 
N/DC0 64 45 100 40 45 
TR 50 45 67 45 59(5) 
DR 0 23 100 5 27(5) 
PR 50 36 67 35 45(5) 
AL 95 55(5) 100 50(10) 68(5) 
AC 100 50(9) 100 60(20) 50(5) 
Wing 100 91 100 80 100 
YC 45 27(14) 100 35(10) 18(5) 
PVR 45 27(14) 100 35(10) 18(5) 
PWP 0 32 67 30 27 
PS 0 23 33 20 27 
AP 0 23 33 20 27 
Regenerated 	0 	41 	100 	20 	55 
Duplicated 0 18 0 30 9 
Reg 	* 	0 	18 	 0 	30 	9 
No. implants 22 22 	 3 	20 	22 
(?),+ and * see table 5030 
Table 507 
Percentage of structures formed by the BF1d-a and BFId-p 
fragments 
Fragment BFId-a BF1dp 
Culture period 0 6 0 6 
(days) 
Notum 100 91 93 72 
Scut 0 0 0 0 
ANWP 0 0 0 0 
PNWP 0 0 0 0 
UP 0 0 0 0 
ASI 0 0 0 0 
AS2 0 0 0 0 
AS3 0 0 100 89(56) 
AS4 0 0 79 67(39) 
SCd 0 0 0 0 
HP 8 5(5) 0 0 
Teg 93 91(82) 0 0 
PCo 93 82(45) 0 0 
M/DC0 80 68 0 0 
TB 60 45 0 0 
DR 0 0 0 0 
PR 0 0 43 44 
AL 0 0 93 56(22) 
AC 0 0 93 72(39) 
Wing 100 95 100 100 
YC 40 36(14) 0 0 
PVR 40 36(14) 0 0 
PWP 0 9 0 0 
PS 0 0 0 0 
AP 0 0 0 0 
Regenerated 0 0 0 0 
Duplicated 0 72 0 56 
Reg 0 /Dup 0 * 0 9 0 0 
No. implants 	 15 	22 	 14 	18 
(?), + and * see table 5030 
91 
healed both regularly and irregularly, while such fragments 
were normally classified as though the mode of wound heal-
ing could not be distinguished some may have been mistake-
nly classified as having healed irregularly. 
The results presented in sections 521-523 suggest 
that variations, in the mode of wound healing are respon-
sible for the variable pattern regulation observed in 
CADH, ventral and BFId fragments. In these three fragments 
regular healing always results in regeneration and the most 
common result following irregular healing is either dupli-
cation or regenerative duplication. Following indisting-
uishable healing all three fragments predominantly regen-
erate. 
50204 Pie Fragments. 
The mode of wound healing and pattern regulation was 
analysed in a further twelve fragments, .illustrated in 
fig. 52 Haynie and Bryant (1976) have previously 
studied four fragments similar to many of those studied 
here; they found that all healed their wounds regularly 
and regenerated. The cuts used to generate Haynie and 
Bryant's fragments were imprecise (3-31 D-E), in this 
study precise cuts were made. Ten of the twelve fragments 
used in this study were generated by cutting half-way 
along the longitudinal line D and one of three transverse 
folds (2, 3, 31) from either edge of the disc. The rem-
aining two fragments were generated by cutting half-way 
along fold 3 from the anterior edge and line .0 or E from 
the ventral edge of the disc. Terminology is according 
to Bryant (1975a)0 Table 51 shows that in six of these 
fragments (3 j-D.-pd; 3j-Dad; 3-D-av; 3D-ad; 3D-pv; 
3D-av) regular healing (fig. 56) was the most common 
mode of wound healing and in only one of these fragments 
(3-3-D-av) was irregular healing observed. Furthermore, 
all six of these fragments predominantly regenerated 
following culture (tables 58-511), duplication being 
very rare; two fragments did not duplicate at all (3 --D-pd; 
3j-D--av), another three duplicated rarely (3D-ad; 3D-pv; 
3D-av) and two regenerated extensively while duplicating 
a few structures in one (3D-ad) or two (3D-ad) implants. 
In one fragment (3C-pd) the mode of wound healing (fig. 
507b) was identified as irregular in all cases and dupli-
cation was observed in all those that regulated (table 
513) 	Only two examples of regeneration were observed 
in this last fragment (M/DCo, TR) and both also duplicated 
extensively. The only other fragment in which wound 
healing could be clearly identified in a large number 
of cases is the 3E-pd fragment. Regular (fig. 507d) 
and irregular (fig. 507e) wound healing occurred with 
approximately equal frequency (R 10/34; IR 8/34) in this 
fragment (table 51) and following culture equal frequen-
cies of both regeneration and duplication were observed 
(8/18; table 513) 	A further three fragments regenerated 
extensively and duplicated a small number of structures. 
In four fragments (37D-pv; 3D-pd; 2D-pd;2D-ad) 
the mode of wound healing could not be clearly disting-
uished in the majority of cases (fig. 58; table 51); 
in the latter two fragments this is probably a result of 
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the longitudinal wound edge being longer than the trans-
verse wound edge (figs. 502i,j and 508e,f)0 Regular and 
irregular wound healing could only be identified in 4-16% 
of these fragments (table 51) 	All four fragments are 
capable of both regeneration and duplication, however, 
three of these fragments predominantly duplicate (2D-pd; 
3D-pd; 3j-D-pv) while one predominantly regenerates 
(2D-ad; tables 5°9, 510 and 5012) 9 In this latter frag-
ment 47% (9/19) regenerated, three duplicated and one 
duplicated two structures (ASI, AS2) while regenerating 
a single structure (AS3)0 All three predominantly dupli-
cating fragments also regenerated occasionally (5/23; 
4/20; 3/20 respectively) and in two of these (3 1D-pv; 
3D-pd) regeneration and duplication were observed in 
single implants (4/23 and 3/20 respectively). 
In summai'y six fragments regenerate and heal regularly, 
one fragment duplicates and heals irregularly, another 
fragment regenerates or duplicates with equal frequency 
and also shows equal frequencies of both regular and 
irregular healing, while the remaining four fragments 
regenerate and duplicate but the mode of wound healing 
cannot be distinguished. These results are consistent 
with those presented in previous sections and suggest 
that regeneration and duplication are associated with 
particular modes of wound healing. 
503 Discussion. 
The results presented above demonstrate that in the 
imaginal discs of Drosophila different modes of wound 
Fig. 56 
Wound heali: rig in cultured. "-- pie" fragments, 
(a) Uncultured 3D.=.av fragment. (b) -3D--av. fragments 
after two days of culture illustrating regular healing, 
(c) Uncultured 3D-ad fragment. (d) 13D-ad fragments 
after two days of culture illustrating regular healing. 
(e) Uncultured 3j-D-pd fragment 	(f) 3--D-pd fragments 











Wound healing in cultured 	pie " fragments. 
(a) Uncultured 3C-pd fragment. (b) 13C-pd fragments 
after two days of culture illustrating irregular healing. 
(c) Uncultured 3E-pd fragment. (d-f) 3E-pd fragments 
after two days of culture. (d) Regular healing. 
(e) Irreular healing. (f) Indistinguishable healing. 
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Wound healing in cultured "- pie" fragments. 
(a) Uncultured3D-pd fragment. (b) CD-pd fragments 
after two days of culture illustrating irregular healing. 
(c) Uncultured3--D-pv fragment. (d) -3-D-pv fragments 
aftertwo days of culture illustrating irregular healing. 
(e) Uncultured 2D-pd. fragment. (f) -2D-pd fragments 










Percentage of structures formed by j fragments. 
Fragment 	 31D.=.pd 	 *3j-D.-ad 
Culture Period 0 6 0 6 
(days) 
Notum 100 100 100 100 
Scut 100 96 100 92 
ANWP 72 83 92 92 
PNWP 83 78 92 69 
UP 94 74 85 92 
ASI 94 78 85 92 
AS2 94 78 85 100 
AS3 94 87 92 96(4) 
AS4 72 74 77 85 
SCd. 94 78 77 96 
HP 72 74 77 88 
Teg 83 91 92 100 
PC0 83 74 85 84 
M/DCo 0 39 92 76 
TR. 0 61 100 92 
DR 56 52 31 48 
PR 94 74 0 56 
AL 78 65 0 32 
AC 78 83 8 72 
Wing 100 100 100 100 
YC 0 52 85 92( 14) 
PVR 0 43 85 88 
PWP 0 52 85 92(4) 
PS 0 52 85 92 
AP 0 48 85 92 
Regenerated 0 74 0 52 
Duplicated 0 0 0 0 
Reg 0 /Dup 0 * 0 0 0 8 
No. implants 	18 	23 	 13 	25 
(?), + and * see table 503 
Table 59 
Percentage of structures formed by j fragments. 
Fragment 3--D-pv 
Culture period 0 6 0 6 
(days) 
Notum 100 100 100 100 
Scut 100 74(4) 0 39 
ANWP 0 22 86 56 
PNWP 90 65 0 72 
UP 15 35 23 67 
ASI 95 70(22) 32 72 
AS2 90 61(17) 5 61 
AS3 100 83(7) 0 56 
AS4 100 57 0 53 
SCd 20 39 18 67 
HP 0 22(4) 86 72 
Teg 0 39(4) 100 100 
PCo 5 26 86 67 
M/DC0 95 78(7) 95 83 
TR 100 96(9) 100 100 
DR 100 65 100 72 
PR 100 52 88 61 
AL 90 48 64 56 
AC 85 61(4) 23 56 
Wing 100 100 100 100 
YC 95 91(26) 100 94 
PVR 95 91(35) 100 100 
pwp 100 91(17) 100 100 
PS 100 87(17) 100 100 
AP 100 91(17) 100 100 
Regenerated 0 	22 	 0 	78 
Duplicated 0 43 	 0 0 
Reg 0 /Dup 0 * 0 	17 0 	0 
No. implants 20 	23 	22 	18 
+ and * see table 503 
Table 510 
Percentage of structures formed by j fragments 
Fragment 	 243D-pd 	 13D-ad 
Culture period 0 6 0 6 
(days) 
Notum 100 100(30) 100 100 
Scut 95 70(5) 100 100 
ANWP 91 55(20) 78 89 
PNWP 91 75(30) 94 89 
UP 91 75(30) 94 89 
ASI 95 75(30) 94 95 
AS2 95 75(15) 94 89 
AS3 86 95(20) 39 84(5) 
ASLl 76 70(10) 61 84 
SCd 67 70(10) 39 89 
ffp 43 30 83 89 
Teg 91 85(20) 89 95 
PCo 0 10 94 95 
N/DC0 0 5 78 95 
TR 0 0 94 95 
DR 67 40 78 58 
PR 76 70 0 58 
AL 95 50(5) 0 58 
AC 90 100(5) 6 58(5) 
Wing 100 100 100 100 
YC 0 10 94 95(5) 
PVR 0 15 94 89(5) 
PWP 0 25 100 89(5) 
PS 0 30(5) 100 89(5) 
AP 0 25(5) 100 89 
Regenerated 0 20 0 53 
Duplicated 0 45 0 5 
Reg./Dup. 0 15 0 5 
No. implants 	21 	20 	 18 	19 
(?)9 + and * see table 5030 
Table 5 . 11 
Percentage of structures formed by j fragments. 
Fragment 	 3D-pv 	 3D-av 
Culture period 
(days) 
0 6 0 6 
Notum 100 100 100 95 
Scut 100 81 0 16 
ANWP 17 54 80 74 
PNWP 92 81 0 42 
UP 17 42 44 68(5) 
ASI 100 58 52 89(5) 
AS2 83 58(4) 20 84(5) 
AS3 100 81(4) 0 47 
AS4 75 81 0 16 
SCd 75 65 88 79 
HP 25 46 92 84 
Teg 0 58 96 95 
PCo 92 54 100 74(5) 
M/DC0 83 65 100 84(5) 
TR 92 88 100 95 
DR 100 69 92 63 
PR 100 58 100 63 
AL 100 54 92 37 
AC 100 42(4) 68 47(5) 
Wing 100 100 100 100 
YC 92 77(4) 96 79(5) 
PVR 92 73 96 84(5) 
PWP 92 85 96 89(5) 
PS 92 81 96 89 
AP 92 81 96 84 
Regenerated 	 0 	58 	 0 	47 
Duplicated 0 4 0 5 
Reg 0 /Dup 0 * 	 0 	0 	 0 	0 
No. implants 	12 	26 	 25 	19 
(?), + and * see 5030 
Table 512 
Percentage of structures formed byfragments0 
Fragments 2Dpd 	 2D-ad 
Culture period 0 6 0 6 
(days) 
Notum 100 100(55) 100 100 
Scut 100 95(40) 100 84 
ANWP 54 10 85 84(11) 
PNWP 77 75(50) 69 53(11) 
UP 8 25 54 58(5) 
ASI 69 40(5) 46 79(16) 
AS2 92 30 15 47(11) 
AS3 92 90(50) 0 47 
AS4 69 85(30) 61 47 
SCd 15 20 69 68 
Hp 0 0 92 68 
Teg 46 20 100 95 
PCo 0 0 100 79 
M/DC0 0 5 100 84 
TR 0 5, 92 89 
DR 77 - 	 20 15 26 
PR 85 45 0 21 
AL 77 45(10) 0 26 
AC 85 60(15) 0 11 
Wing 100 100 100 100 
YC 0 0 92 95(5) 
PVR 0 5 100 95(5) 
pwp 0 15 100 95(11) 
Ps 0 15 100 95(11) 
AP 0 5 100 95 
Regenerated 0 15 0 47 
Duplicated 0 55 0 16 
Reg 0 /Dup,* 0 0 0 5 
No. implants 	13 	20 	 13 	19 
+ and * see table 53 
Table 5 ,, 13 
Percentage of structures formed byfragments0 
Fragment 34-3C-pd 13E-pd 
Culture period 0 6 0 6 
(days) 
Notum 100 100(45) 100 100(6) 
Scut 100 77(27) 100 89 
ANWP 95 82(50) 100 72 
PNWP 95 95(54) 79 72(6) 
UP 89 86(36) 93 72(11) 
ASI 95 95(59) 93 100(17) 
AS2 89 95(54) 93 83(6) 
AS3 95 86(45) 100 100(6) 
AS4 84 82(27) 100 67(6) 
SCd. 26 64(23) 43 89(6) 
HP 74 27(9) 64 61(6) 
Teg 95 82(36) 100 72(22) 
PC0 21 14 0 44 
M/DC0 0 4 0 44 
TR 0 9 43 89 
DR 21 23 86 83 
PR 84 64 100 72 
AL 79 68(18) 100 83 
AC 79 73(18) 93 72 
Wing 100 100 100 100 
YC 0 0 0 50(6) 
PVR 0 0 0 56(6) 
PWP 0 0 100 83(17) 
PS 0 0 100 83(17) 
AP 0 0 100 83(6) 
Regenerated 0 0 0 44 
Duplicated 0 77 0 44 
Reg./Dup. 0 9 0 17 
No. implants 	19 	22 	 14 	18 
(?), + and * see table 5030 
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healing result in the formation of different structures 
during pattern regulation. This is most clearly demons-
trated by the CADH fragment in which the two modes of 
wound healing described by Reinhardt et ale, (1977) can 
easily be distinguished. Reinhardt et al0 have suggested 
that these two modes of wound healing, in accordance with 
recent models of epimorphic pattern regulation (French et 
al. 1976; Kauffman and Ling, 1981; Lewis, 1981), should 
result in the formation of different positional values 
during intercalation. An examination of table 52 shows 
that this is the case; regular healing results in regen-
eration of those values removed by fragmentation, while 
irregular healing results in duplication of those values 
present in the fate map of the fragment. It is clear 
that the cells of the CADH fragment are capable of forming 
alternative positional values during intercalation and 
that it is the mode of wound healing which determines 
those values formed. Similar results were obtained in 
the ventral and EFId fragment and the results of culturing 
the remaining twelve - pie fragments are also consistent 
with this conclusion. 
Furthermore, these results suggest that it is homotypic 
and not heterotypic wound healing (Reinhardt and Bryant, 
1981) that is important. During'wound healing heterotypic 
contacts are established between the wound edges of the 
epithelium proper and those of the peripodial membrane 
lying directly beneath them (Reinhardt et al. 1977; 
Reinhardt and Bryant, 1981), it is unlikely that this 
mode of wound healing would be variable. Heterotypic 
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wound healing is transient, contacts between the two cell 
types are broken once stable homotypic wound healing has 
occurred. This latter type of wound healing is clearly 
variable, resulting in alternative modes of pattern regul-
ation, suggesting that it is stable contact between cells 
of the epithelium proper that determines which positional 
values are formed during pattern regulation. 
Variations in the mode of wound healing cannot explain 
all the variable results of pattern regulation observed 
in the imaginal discs. Recently it has been shown that 
many wing disc fragments which initially duplicate are 
also capable of regenerating if the culture period is 
extended (Duranceau et al. 1980; Kauffman and Ling, 1981; 
Kirby et a10 1982) 	Similar results have been obtained 
in the genital disc (Lüönd, 1961) 	It is unlikely that 
thq initial mode of wound healing could explain this 
phenomenon, alternative explanations are required. 
The results presented above are consistent with those 
obtained from grafting experiments in the imaginal discs 
of Drosophila and the limbs of cockroaches and Urodele 
amphibians. Imaginal disc fragments which will normally 
only duplicate can be induced to regenerate by mixing 
them with fragments from different positions of either 
the same or different discs (Haynie and Bryant, 1976; 
Adler and Bryant, 1977; Wilcox and Smith, 1977; Bryant 
et al. 1978; Adler, 1979; Karisson, 1979; Littlefield 
and Bryant, 1979b; Haynie, 1982) 	In the axolotl, Ambys- 
toma mexicanum, surgically constructed double-anterior 
limbs fail to regenerate distal structures following 
simple amputation (Stocum, 1978; Holder et a10 1980), 
yet this same tissue can be induced to regenerate distal 
structures if a wrist blastema is grafted onto it (Stocum, 
1980b; 1981) Following amputation of an insect limb 
both proximal and distal stumps regenerate a new set of 
distal limb structures (Bohn, 1965; Bullire, 1970; Shaw 
and Bryant, 1975) 	If epidermal cells from different 
proximal-distal levels are confronted, wound healing is 
followed by growth and intercalary regeneration of struct- 
ures normally intermediate between the host-graft junction 
(Bohn, 1970; Bullière, 1970; French, 1976a)0 Since the 
intercalary regenerate is derived from both host and graft 
tissue (Bullire, 1971 ; Bohn, 1971; 1976; French, 1976a), 
cells can form either more proximal or distal structures 
during intercalation. Growth and intercalary regeneration 
also occurs when strips of cockroach leg epidermis are - 
grafted into different circumferential positions (French, 
1978; 1980) 	Cells confronted at the host-graft junction 
are able to regenerate in either direction around the 
circumference (French, 1980); the direction taken is 
governed by their normal position in the limb, such that 
intercalary regeneration always occurs via the shortest 
section of the circumference normally separating the 
confronted cells. The developmental fate of cells can 
clearly be modified by cell-cell interactions. 
In his study on the wing disc Bryant (1975a,b) observed 
that the direction of pattern regulation reversed about a 
"high point" located in the centre of the disc. Bryant 
located this high point to a region just anterior to the 
group of dorsal sensilla campaniformia (SCd), between 
folds 3 and 31 When the wing disc was bisected fragments 
containing the high point generally regenerated whereas 
fragments lacking the high point generally duplicated. 
Fragments possessing wound edges close to the high point 
gave more variable results than fragments possessing wound 
edges further away. Recently the location of this high 
point and its effect on pattern regulation in the wing 
disc has been confirmed (Karlsson, 1.981a; Kauffman and Ling, 
1981) 	The results presented in this study are consistent 
with this generalization, furthermore they show that the 
presence or absence of the high point not only affects 
the mode of pattern regulation but also the mode of wound 
healing. Fragments containing the high point (3j-D-pd; 
13-1D-ad; 3-D-av; 3D-pv; 3D-ad; 3D-av; 2Dad) generally 
heal their wounds regularly and regenerate, duplication 
occurring rarely. The only exception is the 2Dad frag-
ment in which the mode of wound healing could not be 
distinguished, however, this fragment usually regenerates. 
Those fragments lacking the high point (3 --D-=pv; 13D-pd; 
-2D-pd.; 3C-pd) generally duplicate and wound healing 
can not be distinguished. In the remaining four frag-
ments (CADH; ventral; BFId; 23E-pd) one of the two wound 
edges probably bisects the high point region and both 
pattern regulation and wound healing are variable. Indeed 
if two of these fragments (CADH; ventral) are further 
bisected the fragment possessing the wound edge which bisects 
the high point (CADH-v, ventral-a) shows variable pattern 
regulation, while the fragment containing the other wound 
edge (CADH-d, ventral-p) invariably duplicates. Whether 
the high point has any functional significance or not is 
unclear, however, the results presented above suggest 
that the presence or absence of this region primarily 
affects the mode of wound healing, which in turn deter-
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61 Introduction. 
When Drosophila imaginal discs are cut into two frag-
ments and both are allowed a period of growth during 
which pattern regulation can occur, then generally one 
fragment will regenerate structures specified by the 
second while the second forms duplicate structures organ-
ized in mirror-image symmetry (Schubiger, 1971; Bryant, 
1 971; 1975a,b; van der Meer and Ouweneel, 1974; Gehring, 
1972; Bryant and Hsei, 1977; Littlefield and Bryant, 
1979a; Kauffman and Ling, 1981; Karisson, 1981a). Similar 
behaviour is observed following amputation of distal limb 
structures in Urodele amphibians, whereas the proximal 
stump regenerates a normal limb the distal stump regener-
ates a mirror symmetric duplicate (Dent, 1954 ; Butler, 
1955) 	This complementarity, implying that both fragments 
reform identical structures during pattern regulation, has 
been a feature of all recent models of epimorphic pattern 
regulation (French et al. 1976; Cummings and Prothero, 
1 978; Russell and Hayes, 1980; Winfree, 1980; Lewis, 1981; 
Kauffman and Ling, 1981) 	These models suggest 
that the mode of wound healing in complementary fragments, 
which possess identical wound edges, is similar, so that 
the same disparate positional values are apposed in both 
fragments. Since it is assumed that pattern regulation 
occurs via the "shortest route" complementary fragments 
are expected to generate identical structures, thereby 
one fragment regenerates while the second duplicates. 
In chapter 5 the results of culturing fifteen J frag-
ments were described, in many of these fragments both 
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pattern regulation and wound healing were variable. To 
test the "rule of complementaritytt pattern regulation 
was analysed in the fifteen complementary - fragments 
and also in four pairs of complementary "j- disc" fragments. 
The results of this analysis are presented below. Unfort-
unately during culture these fragments become distorted 
in such a way as to make the mode of wound healing indist-
inguishable. 
62 Results. 
621 Complementary tt  disc" fragments. 
These fragments were generated by a single, straight 
cut along one of four lines (293931  andD; fig. 601d-k), 
terminology according to Bryant (1975a) The same lines 
were used to generate many of the complementary and --
fragments studied in chapter 5 and below. The results 
of this experiment are presented in tables 6016040 
Some of these fragments had been tested previously by 
Bryant (1975a) and the results obtained here are consist-
ent with this study. Tables 61=.64 show that four frag-
ments (28, 38 9 03-21-,  DG) generally regenerate while the 
four complementary fragments (02, 039 3--8 9 AD) generally 
duplicate. 
6.2.2 ADH Dorsal and BFIv Fragments. 
The ADH, dorsal and BFIv fragments are complementary 
to the CADH, ventral and BFId fragments respectively 
(fig. 601e-g)0 Pattern regulation in the latter three 
Fig. 61 
Schematic drawings of the late 3rd instar wing disc 
showing location of cuts used to generate ADH, Dorsal, 
BFIv and "-i- disc" fragments (unshaded areas). 
(a) ADH, (b) Dorsal, (c) BFIv, (d) 037, (e) 3-8, 
(f) 039 (g) 38 9 (h) 02 9 (i) 28 9 (j) DG, (k) AD. 













Percentage of structures formed by "j- disc" fragments. 
Fragment 	 02 	 28 
Culture period 0 6 0 6 
(days) 
Notum 100 100(87) 0 95 
Scut 100 93(67) 0 95 
ANWP 56 27(13) 56 65 
PNWP 69 53( 140) 56 60 
UP 0 0 78 55 
ASI 0 0 89 85 
AS2 0 0 89 80 
A53 0 0 83 85 
AS4 69 60(40) 67 65 
SOd 0 0 89 85 
HP 0 0 83 80 
Teg 25 13(13) 72 90 
PCo 0 0 94 90 
M/DC0 0 0 89 85 
TR 0 0 ibo 95 
DR 0 0 94 80 
PR 0 0 94 75 
AL 0 0 94 70 
AC 0 0 83 60 
Wing 0 0 100 100 
YC 0 0 100 90 
PVR 0 0 100 95 
PWP 0 0 100 100 
Ps 0 0 100 100 
AP 0 0 94 95 
Regenerated 	 0 	0 	0 	95 
Duplicated 0 87 0 0 
Reg./Dup. 	 :0 	0 	0 	0 
No. implants 	16 	15 	18 	20 
(?) = frequency of duplication for each structure. 
+ = frequency of regeneration and duplication. 
* = frequency of regenerative duplication. 
Table 62 
Percentage of structures formed by "• disc" fragments. 
Fragment 	 03 	 38 
Culture period 
(days) 
0 6 0 6 
Notum 100 100(75) 0 75 
Scut 100 88(57) 0 53 
ANWP 100 81(50) 0 34 
PNWP 73 75(19) 0 28 
UP 67 94(63) 0 56 
ASI 80 100(69) 0 56 
AS2 67 94(57) 0 53 
AS3 60 50(31) 0 50(3) 
ASk 53 57(19) 0 25(3) 
SCd 40 44(6) 11 56 
HP 53 50(6) 17 50 
Teg 100 94(25) 0 47 
PCo 0 13 83 66 
M/DCo 0 13 89 91(3) 
TR 0 19 94 94(6) 
DR 0 13 89 78(6) 
PR 0 6 89 66(6) 
AL 0 13 89 56(3) 
AC 20 6 33 31(3) 
Wing 0 19 100 100 
YC 0 6 100 78(6) 
PVR 0 13 100 91(6) 
PWP 0 0 100 94(6) 
PS 0 0 100 94(6) 
AP 0 0 100 94(6) 
Regenerated 	 0 	19 	 0 	78 
Duplicated 0 81 0 6 
Reg o /Dup 0 * 	 0 	0 	 0 	3 
No. implants 	15 	16 	 18 	32 
+ and * see table 61 
Table 63 
Percentage of structures formed by " -i- disc" fragments. 
Fragment 	 03 - 	 338 
Culture period 
(days) 
0 6 0 6 
Notum 100 100(21) 0 18 
Scut 100 96(21) 0 9 
ANWP 88 75(7) 0 9 
PNWP 94 71(4) 0 9 
UP 82 93(14) 0 9 
ASI 88 89(14) 0 9 
AS2 82 100(18) 0 9 
AS3 94 93(21) 0 18(5) 
AS4 71 75(11) 0 5 
SCd 59 64(11) 0 9 
HP 82 71(7) 0 5 
Teg 94 93(7) 0 9 
PCo 88 75(4) 0 9 
M/DC0 24 61 94 82(32) 
TR 0 71 100 91(41) 
DR 0 64 88 91(18) 
PR 6 57(4) 81 77(27) 
AL 18 57(14) 81 73(32) 
AC 59 57(7) 0 27 
Wing 29 96 100 100 
Yc 0 50(4) 94 73(50) 
PVR 0 50(4) 100 91(59) 
PWP 0 46 100 100(64) 
PS 0 43 100 100(64) 
AP 0 39 88 91(50) 
Regenerated 	 0 	54 	 0 	9 
Duplicated 0 7 	 0 45 
Reg0 /Dup* 	 0 	29 0 	27 
No. implants 	17 	28 	 16 	22 
+ and * see table 61 
Table 6 14- 
Percentage of structures formed by tt  disc" fragments. 
Fragment AD DG 
Culture period 0 6 0 6 
(days) 
Notum 100 100(45) 100 100 
Scut 100 100(40) 0 41 
ANWP 5 10 89 77 
PNWP 68 55(15) 0 55 
UP 5 0 67 82(5) 
ASI 74 30(10) 67 82(14) 
AS2 84 60(35) 0 59(9) 
AS3 95 85(40) 0 55(9) 
AS4 89 55(25) 0 36 
SCd 53 0 44 55 
HP 0 0 78 86 
Teg 0 0 100 95 
PCo 0 0 94 17 
N/DCo 0 0 100 82 
TR 	 - 0 0 100 100 
DR 63 10 78 41 
PR 84 65 10 23 
AL 89 60 0 18 
AC 63 50(10) 0 18(5) 
Wing 100 100 100 100 
YC 0 0 89 77 
PVR 0 0 94 91 
PWP 0 0 94 91(14) 
PS 0 0 94 91(9) 
AP 0 0 89 82(9) 
Regenerated 	 0 	0 	 0 	55 
Duplicated 0 60 0 9 
Reg 0 /Dup 0 * 	 0 	0 	 0 	14 
No. implants 	19 	20 	18 	22 
+ and * see table 61 
fragments was described in detail in chapter 5; although 
all three fragments are capable of regeneration, duplic-
ation and regenerative duplication, regeneration is the 
predominant response during culture. Complementarity 
was tested by culturing ADH, dorsal and BFIv fragments 
in adult female hosts to establish their regulative 
capabilities. The results of this experiment are presented 
in table 6.5. Two of these fragments (ADH and dorsal) 
predominantly duplicate (11/23 and 13/26 implants respec-
tively) but regenerative duplication (7/23 and 1I/26 impl-
ants respectively) and regeneration (3/23 and 3/26 impl-
ants respectively) were also observed. In the third 
fragment (BFIv) regenerative duplication was the most 
common result (21/49 implants), regeneration and duplic-
ation occurred at a lower frequency (in both cases 10/119 
implants). A;comparison of pattern regulationin these 
fragmehts and their complementary fragments is presented 
in table 66 It is clear that in two pairs of fragments 
(CADH/ADH and BFId/BFIv) pattern regulation is not comp-
lementary. 
6.2-3 -1 Pie Fragments. 
The regulative capabilities of twelve - pie fragments 
(fig. 62) were tested and the results presented in tables 
67-612 	In eight of these fragments (-3 3D-av, -a-3--D-ad, 
- 3--D-pd, -3D--pv, -3D-ad, 3D-pd, -2D-pv, -3E-av) duplica-
tion was the most common result, regeneration only occurred 
in a few implants (0-9%) and then only structures located 
close to the wound edge and/or notal structures were regen- 
Fig. 62 
Schematic drawings of the late 3rd instar wing disc 
showing the location of cuts used to generate 1t  pie" 
fragments (unshaded areas). (a) av (anterior/ 
ventral), (b) 13j-Dpv (posterior/ventral), (c) 3--Dad 
(anterior/dorsal), (d) 3j-D-pd (posterior/dorsal), 
(e) 3D-av, (f) 3D-pv, (g) 3D-ad, (h) 3D-.pd, 
(i) *2Dav, (j) -2D-pv, (k) 3C-av, (1) -413E.-av0 


















Percentage of structures formed by ADH, dorsal and BFIv 
fragments. 
Fragment ADH dorsal BFIv 
Culture period 0 6 0 6 0 6 
(days) 
Notum 7 52(9) 100 100(35) 9 25 
Scut 0 13 100 85(23) 0 4 
ANWP 26 61(39) 100 69(27) 22 14(2) 
PNWP 0 30(22) 100 88(27) 39 41(4) 
UP 48 57(39) 100 73(23) 74 33(18) 
ASI 37 61(48) 100 77(38) 57 47(18) 
AS2 30 48(30) 100 89(19) 74 41(14) 
AS3 0 13 0 23(4) 0 51(25) 
AS'-I- 0 13 56 38(4) 0 47(14) 
SCd 74 74(39) 100 85(15) 78 69(29) 
HP 74 91(43) 94 23 22 18 
Teg 93 91(52) 81 31(8) 0 22(4) 
PCo 74 70(39) 0 8 0 22 
M/DCo 67 65(22) - 	 0 4 - 	 4 27 
TR 70 61(13) 0 4 74 65(2) 
DR 0 30(4) 13 15 83 86 
PR 0 0 0 4 48 51 
AL 0 0 0 12 0 53(6) 
AC 0 4 0. 12(4) 0 45(12) 
Wing 100 74 100 96 100 100 
YC 7 13 0 4 26 43(10) 
PVR 7 13 0 4 39 47(16) 
PWP 0 13 0 8 74 80(37) 
PS 0 13 0 12 74 82(37) 
AP 0 13 0 8 78 78(35) 
Regenerated 1 0 13 0 12 0 20 
Duplicated 0 48 0 50 0 20 
Reg 0 /Dup 0 * 0 30 0 15 0 43 
No. implants 	27 	23 	16 	26 	23 	49 
+ and * see table 61 
Table 66 
Frequency of regeneration (R), duplication (D) and 
regenerative duplication (RD) in complementary fragments 
of the wing disc. 
Fragment n 	R D RD 
02 15 	0 87 0 
28 20 95 0 0 
03 16 	19 81 0 
38 32 78 6 3(rd) 
03 lff 28 54 7 29(r) 
3-0 22 9 45 27(d) 
AD 20 0 60 0 
DG 22 55 9 14(r) 
CADH 26 46 31 12(rd) 
ADH 23 13 48 30(rd) 
ventral 19 53 11 21(r) 
dorsal 26 12 50 15(rd) 
BFId 22 41 18 18(r) 
EFIv 49 20 20 43(rd) 
n = number of implants. 
(r) = RD implants that regenerated extensively and only 
duplicated a few structures. 
(d) = RD implants that duplicated extensively and only 
regenerated a few structures. 




Percentage of structures formed by - fragments. 
Fragment 	 -3j-D.=-av 	 - 3--D-pv 
Culture period 
(days) 
0 6 0 6 
Notum 0 6 0 6 
Scut 0 0 0 0 
ANWP 0 0 0 6(6) 
PNWP 0 0 0 0 
UP 0 0 0 6 
ASI 0 0 0 6(6) 
AS2 0 0 0 6 
AS3 0 0 0 24(18) 
AS4 0 0 0 0 
SCd 0 0 0 12 
HP 0 6 0 0 
Teg 0 0 0 0 
PCo 0 11 0 6 
M/DCo 80 4a 	89(56) 0 6 
TR 80 100(39). 0 0 
DR 0 6 73 29 
PR 0 0 100 94(12) 
AL 0 0 82 76(24) 
AC 0 0 0 29(12) 
Wing 100 100 100 100 
Yc 70 83(61) 0 12 
PVR 70 83(72) 0 12 
pwP 70 100(83) 0 6 
PS 70 94(89) 0 6 
AP 70 100(89) 0 6 
Regenerated 	 0 	6 	 0 	12 
Duplicated 0 89 	 0 18 
Reg 0 /Dup 0 * 	 0 	6 0 	29 
No. implants 	 11 	18 	 11 	17 
(?), + and * see table 61 
Table 68 
Percentage of structures formed by - fragments. 
Fragment 	 3--D-ad 
Culture period 
(days) 
0 6 0 6 
Notum 100 100(19) 100 100(57) 
Scut 0 0 100 96(52) 
ANWP 93 71(33) 21 0 
PNWP 0 10 100 35(26) 
UP 57 76(43) 37 4(4) 
ASI 50 81(62) 74 35(30) 
AS2 7 48(33) 100 4.3(35) 
AS3 0 5 100 91(52) 
AS4 0 0 89 65(30) 
SCd 36 76(33) 47 4.3(22) 
HP 86 71(38) 0 0 
Teg 100 100(57) 0 4 
PCo 93 71(38) 0 0 
M/DC0 0 14 0 0 
TR 0 14 0 0 
DR 0 14 0 4. 
PR 0 0 0 9 
AL 0 0 0 17(4) 
AC 0 0 21 26(9) 
Wing 0 4.4 26 57 
YC 0 5 0 4 
PVR 0 5 0 4 
PwP 0 5 0 0 
PS 0 5 0 0 
AP 0 5 0 0 
Regenerated 0 0 0 0 
Duplicated 0 67 0 65 
Reg0 /Dup 0 * 0 24 0 22 
No. implants 14 21 19 23 
(?), + and. * see table 61 
Table 69 
Percentage of structures formed by j fragments. 
Fragment 	 3D-av 	 3D-pv 
Culture period 0 6 0 6 
(days) 
Notum 0 40 0 9 
Scut 0 10 0 0 
ANWP 0 30 0 0 
PNWP 0 25 0 0 
UP 0 15 0 0 
ASI 0 30 0 4 
AS2 0 25 0 0 
AS3 0 15 7 26(13) 
AS4 0 10 0 0 
SCd 9 55(5) 0 
HP 23 35 0 0 
Teg 0 70 0 0 
PCo 77 75(10) 0 0 
M/DCo 68 95(10) 0 0 
TR 73 80 0 0 
DR 32 25 33 57 
PR 0 0 100 61(13) 
AL 0 0 100 43(17) 
AC 0 0 47 39(13) 
Wing 100 95 100 100 
YC 70 83(61) 0 0 
PVR 70 83(72) 0 0 
PWP 70 100(83) 0 0 
PS 70 94(89) 0 0 
AP 70 100(89) 0 0 
Regenerated 	 0 	40 0 	9 
Duplicated 0 30 0 30 
Reg 0 /Dup 0 * 	 0 	10 0 	'4- 
No. implants 	22 	20 15 	23 
+ and * see table 61 
Table 610 
Percentage of structures formed by - fragments. 
Fragment 	 13D-ad 	 3D-.pd 
Culture period 
(days) 
0 6 0 6 
Notum 100 100 100 1 00(56) 
Scut 0 0 100 100(39) 
ANWP 100 69(13) 0 0 
PNWP 0 0 96 6 
UP 60 50(13) 12 6 
ASI 60 56(31) 80 11 
AS2 30 6 76 17 
AS3 0 0 60 50(33) 
A64 0 0 72 72(50) 
SCd 30 19 4 17 
HP 50 63(19) 0 6 
Teg 100 75(56) 0 6 
PC0 0 13 0 6 
M/DC0 0 0 0 0 
TR 0 0 0 
DR 0 0 0 0 
PR 0 0 0 0 
AL 0 6 0 0 
AC 0 0 0 17 
Wing 0 6 0 0 
YC 0 0 0 0 
PVR 0 0 0 0 
PwP 0 0 0 0 
Ps 0 0 0 0 
AP 0 0 0 0 
Regenerated 	 0 	0 	 0 	6 
Duplicated 0 50 0 56 
Reg./Dup.' 	 0 	13 	 0 	17 
No. implants 	10 	16 	 25 	18 
+ and * see table 61 
Table 6 . 11 
Percentage of structures formed by - fragments. 
Fragment 	 -2D-av 	 -2D-pv 
Culture period 0 6 0 6 
(days) 
Notum 0 71 0 14 
Scut 0 36 0 5 
ANWP 0 72(14) 0 0 
PNWP 0 57 17 0 
UP 27 72(14) 0 0 
ASI 9 72(14) 17 0 
AS2 0 72(14) 25 24(14) 
AS3 0 78 83 95(81) 
AS'-!- 0 57 58 71(51) 
SCd 36 78(43) 33 19 
HP 82 72 0 0 
Teg 73 100(29) 0 0 
P00 100 86(36) 0 0 
M/DCo 91 78(21) 0 0 
TR 82 86. 8 0 
DR 18 86(14) 75 62 
PR 0 29(14) 83 76(19) 
AL 0 21(21) 67 86(38) 
AC 0 72 67 62(33) 
Wing 100 100 100 100 
YC 100 78(43) 0 0 
PVR 100 86(36) 0 0 
pwp 91 86(36) 0 0 
PS 91 86(36) 0 0 
AP 91 86(36) 0 0 
Regenerated 0 57 0 0 
Duplicated 0 14 0 67 
Reg0 /Dup 0 * 0 29 0. 14 
No0 implants 	11 	14 	 12 	21 
(?), + and * see table 61 
Table 612 
Percentage of structures formed by j fragments. 
Fragment 3C-av 3C-av 
Culture period 0 6 0 6 
(days) 
Notum 0 39 0 0 
Scut 0 13 0 0 
ANWP 0 30 0 0 
PNWP 0 30 0 6 
UP 0 26 0 6 
ASI 0 30 0 6 
AS2 0 30 0 6 
AS3 0 30 0 0 
AS4 0 30 0 0 
SCd 58 61 29 17(6) 
Hp 0 39 17 44(6) 
Teg 0 48 12 39 
PCo 92 65 100 78(39) 
-M/DC0 100 96(22) 94 89(28) 
TR 100 100(22) 82 61(11) 
DR 83 87(9) 0 0 
PR 0 65 0 0 
AL 0 22 0 0 
AC 0 30 0 0 
Wing 100 100 81 	100 
YC 83 96(17) 94 33(22) 
PVR 83 91(22) 94 39(17) 
PWP 83 91(22) 0 11(11) 
PS 83 91(26) 0 0 
AP 83 91(22) 0 0 
Regenerated 	 0 	43 	 0 	6 
Duplicated 0 13 0 67 
Reg 0 /Dup 0 * 	 0 	26 	 0 	0 
No. implants. 	12 	23 	 17 	18 
+ and * see table 61 
Table 6 . 13 
Frequency of regeneration (R), duplication (D) and 
regenerative duplication (RD) in complementary fragments 
of the wing disc. 
Fragment n R B RD 
34-371 D-pd 23 74 0 0 
18 6 89 6(d) 
3-D--ad 25 52 0 8(r) 
17 12 18 29(d) 
*3 1D-pv 23 22 43 17(rd) 
3--D-ad 21 0 67 24(d) 
3-D-av 18 78 0 0 
3-D-pd 23 0 65 22(d) 
3D-pd 20 20 45 15(r) 
3D=.av 20 40 30 10(d) 
3D-ad 19 53 5 5(r) 
3D-pv 23 91 30 4(d) 
3D-pv 26 58 4 0 
13D-ad 16 0 50 13(d) 
3D-av 19 47 5 0 
3D-pd 18 6 56 17(d) 
2D-pd. 20 15 55 0 
2D-av 14 57 14 29(r) 
2D-ad 19 47 11 5(d) 
12D-pv 21 0 67 14(d) 
3C-pd 22 0 77 9(d) 
3C-av 23 43 13 26(d) 
3E-pd 18 44 44 17(r) 
-3E-av 18 6 67 0 
n, (r), (d), (rd) see table 66 
erated0 Regenerative duplication occurred more frequently 
(024%), duplication of fate map structures being accomp-
anied by regeneration of structures located close to the 
wound edge and/or notal structures. In one fragment (3 
--D-pv) regenerative duplication was the most common result, 
once again duplication of fate map structures being accomp-
anied by regeneration of structures located close to the 
wound edge. Often these regenerated structures were also 
duplicated. However, duplication of fate map structures 
in this fragment (wing, DR, PR, AL) cannot be easily 
scored and many cases may have been missed, it is possible 
that the predominant result in this fragment is duplication. 
The remaining three fragments (3D-av, -2Dav, -13C=.av) 
mainly regenerate but duplication and regenerative dupli-
cation frequently occur (13-30% and 1029% respectively). 
Pattern regulation in these twelve fragments and their 
complementary j pie fragments are compared in table 6 . 13 .  
In nine of these pairs pattern regulation is complementary 
while in another three (3j-D=ad/. 3 -D-pv, 
3E-pd/. 3Eav) it is not. The failure of complementarity 
in the 	-D-ad/- 3 -D-pv pair is a result of the low frequ- 
ency of duplication in the j fragment and as mentioned 
above this is possibly due to the difficulty of scoring 
duplications in this fragment, which contains few discrete 
structures. Two other pairs fail to exhibit complementary 
behaviour, the - fragments duplicate and the J fragments 
frequently duplicate and regenerate. Indeed in the 33D -
pv/- 3j-D-ad pair both fragments usually duplicate. 
6.3 Discussion. 
Most of the results presented in this study are consist-
ent with the rule 	of complementaiity (Bryant, 1971; 1975a, 
b)0 Nineteen complementary pairs were studied and in four-
teen the frequency of regeneration, duplication and regen-
erative duplication in one fragment was complementary to 
that of the second (tables 67 and 613) Usually the 
larger - fragments regenerated while the smaller - frag-
ments duplicated. In these fourteen fragments only one 
exception to the latter point was found, the 23D-.pd frag-
ment predominantly duplicated (Reg. 20%, Dup. 45%) while 
the complementary 13D-av fragment predominantly regener-
ated (Reg. 40% 9 Dup. 30%) Pattern regulation in the 
remaining five pairs of fragments was inconsistent with 
the rule of complementarity0 
In chapter 5 it was suggested that much of the variable 
data on pattern regulation observed in the j fragments 
could be explained by variations in the mode of wound 
healing. Similarly variations in the mode of wound heal-
ing could explain any variations in pattern regulation 
observed in ii.-  fragments. In - fragments regular healing 
should result in duplication, irregular healing in either 
regeneration or regenerative duplication and a combination 
of both modes of wound healing in regenerative duplication. 
If different modes of wound healing occur with similar 
frequencies in both fragments of a complementary pair, 
then complementary behaviour is expected. Since this is 
not the case in four of the nineteen fragments studied, 
it suggests that the mode of wound healing in complement- 
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ary fragments is not always similar. Unfortunately it 
was not possible to establish the mode of wound healing 
in - fragments, during culture they become too distorted. 
Several studies of pattern regulation in the imaginal 
wing disc have demonstrated that regeneration from both 
fragments of a complementary pair is common (Bryant, 1975a; 
Karis son, 1981a; Kauffman and Ling, 1981; Karis son and 
Smith, 1981) 	In this study regeneration was observed 
in both fragments for seventeen of the nineteen complement-
ary pairs, the frequency of regeneration (including regen-
erative duplication) ranging from 663% of implants. The 
frequency of duplication (including regenerative duplica-
tion) in predominantly regenerating fragments ranged from 
4.43% of implants. Three classes of regenerative duplic-
ation were observed in these fragments: (i) fragments 
duplicated fate map structures extensively, but also 
regenerated some non fate map structures whose fate map 
position is close to the wound edge and/or notal struct-
ures. This class of duplicative regeneration was usually 
observed in fragments which predominantly duplicated and 
may, in some cases, be the result of cutting errors. 
However, several authors (Duranceau et al. 1980; Kauffman 
and Ling, 1981; Karlsson and Smith, 1981; Kirby et al. 
1982) have shown that following duplication many wing 
disc fragments are capable of regeneration. This usually 
occurs following long culture periods but this study, 
which used a short culture period (6 days), may have mc- 
luded the beginning of this regeneration process. Bryant 
(1975a) and Karlsson and Smith (1981) have shown that 
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duplicating ventral fragments are often capable of regen-
erating notal structures, those structures lying between 
the fragment and the notum remaining deleted. Such cases 
of regeneration of "adventitious notum" were observed in 
cultured ventral fragments during this study; (ii) frag-
ments regenerated non fate map structures extensively and 
also duplicated a few fate map structures. This class of 
regenerative duplication was usually observed in fragments 
which predominantly regenerated and is probably the result 
of damage caused to the fragment during the transplanta-
tion process. Alternatively it could result from varia-
tions in the mode of wound healing (Reinhardt et a10 1977); 
(iii) fragments both duplicated fate map structures and 
regenerated non fate map structures extensively. This 
class of regenerative duplication was observed in five 
fragments (ADH, dorsal, BFIV, 3--Dpv, 03j- ) 	In the first 
four fragments this may result from pattern regulation 
occurring independently at each wound edge following irreg-
ular healing, one wound edge regenerating the other dupli-
cating (Bryant, 1975a)0 
Despite complementarity being a central feature of all 
recent models of epimorphic pattern regulation (French et 
a10 1976;  Cummings and Prothero, 1978; Russell and Hayes, 
1980; Winfree, 1980; Lewis, 1981; Kauffman and Ling, 1981), 
the absence of complementarity in four of the fragments 
studied above is not incompatible with these models. All 
these models assume that the mode of wound healing in 
complementary fragments is identical, so that the same 
disparate positional values are apposed in both fragments. 
1,k 
Both fragments of a complementary pair are therefore 
expected to reform identical structures. However, if 
the mode of wound healing in complementary fragments is 
not identical, then two fragments are expected to reform 
different structures. 
Several studies on pattern regulation in the wing disc 
have shown that a "high point" exists near the presumptive 
HP and SC25 (Bryant, 1975a,b; Karlsson, 1981a; Kauffman 
and Ling, 1981) 	Whereas fragments containing the high 
point generally regenerate, fragments lacking the high 
point generally duplicate. Results presented in chapter 
5 demonstrate that the regulative behaviour of J fragments 
is consistent with this generalization. The results 
presented above demonstrate that this is usually true of 
fragments. However, there is one exception, three -41  
fragments contain the high point but only two usually 
regenerate (3--Dav; -2D-av), the thir& (-3--D-ad) usually 
duplicates. Bryant (1975a) obtained a similar result 
with fragments isolated from the centre of the disc by 
cutting all four sides. Despite containing the high 
point these fragments generally duplicated. These results 
show that the presence of the high point 
in a fragment does not guarantee regeneration from that 
fragment. 
The results presented in this chapter and chapter 5 
are consistent with the distribution of positional values 
described by Karlsson (1981a; fig. 16) 	According to 
this distribution all the fragments studied here which 
are capable of extensive regeneration contain half or 
10'? 
more of the positional values. Fragments capable of only 
limited regeneration but extensive duplication contain 
less than half of the positional values. 
Haynie and Bryant (1976) studied a number of complem-
entary J and - pie fragments and concluded that J fragm-
ents always regenerate while j fragments always duplicate. 
The results presented here and in chapter 5 show that 
this is incorrect, examples of regeneration and duplica-
tion have been observed in both - and j pie fragments. 
In three complementary pairs (3D.=-pd/.-3D-av, 2D-pd/-2D.=.av, 
3C-pd/-23C=-av) the - fragments predominantly duplicate 




The aim of the experiments presented in this thesis 
was to answer a number of questions pertaining to some 
of the basic assumptions made by recent models of pattern 
regulation in 	imaginal discs. These assumptions and 
the questions asked are stated in section 19 (page 38) 
In this section a general discussion of the results 
obtained will be presented, which will attempt to relate 
these results to current ideas on pattern regulation. 
7.1 Is Cell Proliferation Localized in the Region of the 
Wound Edge ? 
Several authors have shown that growth, with cell 
division, is a concomitant of pattern regulation in 
imaginal discs (Hadorn et al. 1949; Ursprung, 1962; 
Wildermuth, 1968a; Adler, 1981; Dunne, 1981) 	Further- 
more, Schubiger (1973) has shown that growth is not only 
associated with, but is necessary for, pattern regulation 
to occur. Leg disc fragments cultured in hosts maintained 
on protein-free, sugar media, which inhibits cell division 
(Weber and Nothiger, 1975), fail to regulate. However, 
if these fragments are subsequently transplanted to hosts 
maintained on media containing protein, both growth and 
pattern regulation are initiated (Schubiger, 1973) Two 
models linking growth and pattern regulation have been 
proposed (1) Cell proliferation occurs all over the 
fragment, once the fragment has reached a critical size 
it is reorganized thereby creating the new pattern 
(Gehring, 1966; 1'T6thiger and Schubiger, 1966; Wildermuth, 
1968b); (2) Cell proliferation occurs in a growth zone 
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located at the wound edge, the new pattern is built from 
new cells produced in this region (Ursprung, 1962; Bryant, 
1971; 1974)0 The results presented in chapter 3 suggest 
that this latter model is the correct one. Autoradiography 
of 3H.-thymidine labelled regenerating wing disc fragments 
shows that the label is preferentially taken up by cells 
in the vicinity of the wound edge. This suggests that 
DNA replication, and presumably cell division, is localized 
to a blastema at the wound edge. Although it has not been 
directly tested, it is assumed that the same is true of 
duplication. Autoradiographic analysis of duplicating 
labial discs (Wildermuth, 1968a) and clonal analysis of 
both regenerating and duplicating leg discs (Postlethwait 
et al. 1971; 'Ulrich, 1971; Nöthiger and Ulrich, 1972; 
Girton and Russell, 1980; Abbott et al. 1981) indicate 
that this is the case. Marked clones, produced by mitotic 
recombination, in both regenerating and duplicating disc 
fragments are much larger in the new pattern than in the 
original, a result inconsistent with the first model but 
consistent with the second. 
Although the results of autorad.iography suggest that 
new pattern elements are formed by cells dividing in a 
growth zone located at the wound edge, they give few 
clues as to the origin of these cells. Clonal analysis, 
on the other hand, suggests that there is little or no 
migration of cells to the growth zone, which is formed 
from those cells already located at the wound edge (Abbott 
et al. 1981) 	Clones initiated prior to fragmentation 
remain intact, whereas if migration had occurred they 
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would have broken up. Furthermore, substantial cell 
migration would lead to a decrease in clone frequencies 
in all regions other than the growth zone and this is 
not observed (Abbott et al. 1981) 	However, this is 
only applicable to clones initiated by cells destined 
to secrete the adult cuticle, migration of cells destined 
to form non-cuticular structures (e0g0 trachea, nerves, 
muscles) and/or peripodial cells. would not be detected 
by this technique. 
Autoradiography of regenerating wing disc fragments 
indicates that the regeneration blastema consists of 
only a few cells, yet it is not possible to make an 
estimate of the number of cells involved. Such an esti-
mate can be obtained by clonal analysis using average 
and minimum clone sizes (Merriam, 1978) Using this 
technique Girton and Russell (1980) have concluded that 
the number of cells which contribute to new pattern elem-
ents in duplicated legs is between six and twenty-one. 
In duplicating male genital disc fragments Nöthiger (1976) 
has estimated that as few as two or three cells may cont-
ribute to the new pattern elements, no upper limit is 
given. Both sets of figures are underestimates since 
the data obtained from X-ray induced mitotic recombinat-
ion will be affected by the extensive cell death caused 
by X-rays (40-60% cell death after 1000r; Haynie and 
Bryant, 1 977) 	Cell death results in an increase in 
clone size due to intercalary regeneration (Haynie and 
Bryant, 1977) and the method, as usually applied, estim-
ates only those cells that survive the X-ray treatment. 
Furthermore, clonal analysis only provides estimates of 
the number of cells whose progeny secrete cuticular 
structures, other cells, such as trachea, nerve and 
peripodial cells are not included. This latter point is 
particularly important when analysing the genital disc. 
In this disc clones only mark half the cells, the other 
half form non-cuticular internal structures (Schtipbach 
et a10 1978), therefore a minimum estimate of four to 
six cells is more accurate. The estimate of six to 
twenty-one cells in the leg disc is similar to the esti- 
mate of ten to twenty cells for normal legs at the blast-
oderm stage of embryogenesis using similar calculations 
(Nothiger, 1972; Postlethwait, 1978a)0 Between 
cellular blastoderm and larval hatching imaginal disc 
cells divide once (Wieschaus and Gehring, 1976), at this 
latter stage histology has shown that the leg disc consists 
of thirty-six to forty-five cells (Madhavan and Schneider-
man, 1977) 	Since histology counts all the cells of an 
imaginal disc, this suggests that during embryogenesis 
and pattern regulation leg blastemas are established by 
approximately twenty cells. Clonal analysis indicates 
that the embryonic anlage for the genital disc is estab 
lished. by approximately twenty-one cells (Schüpbach et a10 
1978), a figure four to five times higher than that 
estimated for the blastema during duplication (Nothiger, 
1976) 	However, although both figures were established 
by clonal analysis different calculations were employed, 
whereas Schüpbach et al. (1978) measured average clone 
sizes, Nöthiger (1976) measured the maximum clone size. 
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The first figure establishes the average number of cells 
forming the embryonic anlage while the second figure 
establishes the minimum number of cells forming the 
regulation blastema0 It is probable that if the same 
calculations were employed the results would be similar.. 
Histology suggests that the embryonic male genital anlage 
is formed by approximately thirty cells (Madhavan and 
Schneiderman, 1 977)0 
Unfortunately clonal analysis has not been used to 
study pattern regulation in the wing disc, therefore 
estimates of the number of cells contributing to the 
regulation blastema in this disc are not available. 
However, if the number of cells forming the regulation 
blastema is similar to that forming the embryonic anlage 
(Girton and Russell, 1980) then it will be established 
by approximately twenty cells (Nôthiger, 1972; Postleth-
wait, 1978a; Madhavan and Schneiderman, 1977) 
72 Is Cell Proliferation and the Accompanying Pattern 
Regulation Initiated by the Apposition of Normally 
Non-Adjacent Cells During Wound Healing ? 
One of the first events during culture of imaginal 
disc fragments is the process of wound healing. This 
process has been described in detail using scanning and 
transmission electron microscopy (Reinhardt et al. 1977; 
Reinhardt and Bryant, 1981) During the first few hours 
of wound healing the wound-edges contract and close 
heterotypic contacts (1020nm wide) are established 
between cell processes of the columnar epithelium and 
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the peripodial membrane. - However, no cell junctions 
are formed between the two cell layers. After twenty- 
four hours heterotypic contacts are broken and hombtypic 
contacts established, the apposed columnar epithelial 
cells form both junctional and non-junctional cell 
contacts. Forty-eight hours after wounding homotypic 
contacts are fully established and wound healing is 
completed. Since the first signs of growth and pattern 
regulation do not occur until after twenty-four and 
forty-eight hours respectively (Adler, 1981; Dunne, 1981; 
Abbott et al. 1981; James et a10 1981; Karlsson, 1981b), 
it has been suggested that homotypic wound healing is 
required to initiate both processes (French et al. 1976; 
Reinhardt et a10 1977; Reinhardt and Bryant, 1981) 
The results presented in chapter LI. show that at least 
pattern regulation, if not cell proliferation, requires 
wound healing. Following cauterization of the wing disc 
living cells at the wound edge are separated by a region 
of dead cells. Subsequently these dead cells are displ-
aced into the disc lumen and homotypic wound healing 
occurs, a process that takes two to four days. Since a 
detailed study of wound healing was not performed the 
cellular processes involved remain unknown. When compared 
to cut disc; wound healing in cauterized discs is delayed 
by two days, yet the initiation of cell proliferation at 
the wound edge is not delayed. In both types of disc 
3H-thymidine labelled nuclei are localized at the wound 
edge after just one day of culture. However, it is 
possible that different mechanisms are involved. When 
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strips of cuticle and underlying epidermis are removed 
from the abdomen of larval hemimetabolous insects, cells 
from both sides of the wound site migrate and heal tog-
ether. Cells located at the wound edges do notdivide, 
instead proliferation occurs in a region some distance. 
from the wound edge which depleted of cells by migration 
(Wigglesworth, 1937) 	If the cuticle and underlying 
epidermis are cauterized, once again cells from both sides 
of the wound site migrate and heal together. However, 
in this case cell proliferation is restricted to those 
cells located at the wound edges and occurs prior to 
wound healing (Wigglesworth, 1937) 	This suggests that 
the mechanism of wound healing following cuts and cautery 
may be different, and that the latter may require cell 
division. 
Two lines Qf evidence suggest that the localized 
clustering of labelled nuclei at the wound edge in 
cauterized discs, during the first two days of culture 
is not the result of regulative growth. The first signs 
of pattern regulation, i0e0 the appearance of deleted or 
duplicated structures in implants, in cauterized discs 
was not observed until the fourth or fifth day of culture. 
Therefore, when compared to cut discs both wound healing 
and pattern regulation are delayed by two days. Further-
more, the period of localized DNA replication at the 
wound edge is extended by two days in cauterized discs 
when compared to cut discs. This suggests that homotypic 
wound healing is required for the initiation of pattern 
regulation, and in cauterized discs this may be linked 
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to cell divisions that occur after wound healing, rather 
than cell migration before wound healing. 
7., 3 Does Cell Proliferation Cease Once Pattern Regulation 
is Complete ? 
If pattern regulation and cell proliferation are linked, 
both being initiated by the apposition of normally non-
adjacent cells, then once normal neighbours have been 
restored both should cease. 
A comparison of the culture times when pattern regul-
ation and localized cell proliferation at the wound edge 
are occurring in cut wing discs, suggests that the two 
processes are linked. Localized cell proliferation at 
the wound edges occurs on days one to five of culture, 
while pattern regulation occurs on days two to six. Both 
the initiat-ion and cessation of cell proliferation occur 
one day prior to that of pattern regulation. The delay 
of one day between the generation of new cells and the 
appearance of new pattern elements could be required 
for the new cells to adopt and interpret 	new positional 
values. This process could be analogous to the acquisi-
tion of competence observed in normal development (Ginter 
and Kuzin, 1970; Schubiger,  1974; Gateff and Schneiderman, 
1975; Bownes and Roberts, 1979) 
74 Are the Positional Values Adopted by New Cells 
Determined by the Normal Position of Cells Apposed 
During Wound Healing ? 
There is considerable evidence in cockroaches (Bohn, 
1967; 1 970a,b; 1 971 ; Bullière, 1971; French, 1976a; 1978; 
1980) and amphibians (Iten and Bryant, 1975; Stocum, 1975; 
Tank and Holder, 1981) that this is the case. The new 
structures regenerated following grafting experiments 
are dependant upon the normal position of the host and 
graft cells that are apposed, usually being of an inter-
mediary nature. This is known as intercalary regenerat-
ion. Similar results have been obtained in the imaginal 
wing disc of Drosophila. Fragments from opposite edges 
of the disc which when cultured alone normally duplicate, 
can be induced to regenerate the intermediary structures 
by mixing them together prior to culture (Haynie and 
Bryant, 1976; Adler and Bryant, 1977) These experiments 
clearly show that the developmental fate of new cells 
produced during pattern regulation can be modified by 
cell-cell interaction. The results presented in chapter 
• 5 further demonstrate this point. 
Wound healing in the CADH fragment is variable, either 
the two wounds heal together (regular healing) or fold 
back and heal with themselves (irregular healing). Both 
modes of wound healing result in the apposition of norm-
ally non-adjacent cells, but the cells apposed are diff-
erent. The result is the regeneration, or duplication, 
of different sets of structures, intercalary regeneration 
producing different sets of intermediary positional 
values. Similar results have been obtained in several 
other wing disc fragments. Since both types of CADH 
fragment appear to be identical, except for the mode of 
wound healing, this result suggests that pattern regula- 
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tion is the result of local cell-cell interactions between 
cells exposed by wounding, and not the result of long 
range interactions between the wound edge and some distant 
organizing region. However, both wound healing and 
pattern regulation in the wing disc appear to be influenced 
by the presence or absence of one small region. This 
region is Bryants (1975a,b) "high point" located close 
to the presumptive humeral plate (HP) and dorsal sensilla 
campaniformia (Sad)0 Fragments containing this region 
usually regenerate, while fragments lacking it usually 
duplicate (Bryant, 1975a,b; Karlsson, 1981a; Kauffman and 
Ling, 1981) 	The results presented in chapters 5 and 6 
confirm this generalization, furthermore they show that 
this "high point" region primarily affects the mode of 
wound healing which in turn determines the mode of pattern 
regulation. 
Different models of pattern regulation in the imaginal 
discs have provided different explanations of the funct-
ional significance of this high point region. Bryant 
(1975a,b) has suggested that it represents the high point 
of a gradient of developmental capacity, the low point 
of the gradient being at the disc boundary. During 
pattern regulation from any one gradient level, only 
lower levels can be generated by growth. This model 
neither explains regeneration in fragments lacking the 
high point (Bryant, 1975a; Kauffman and Ling, 1981; Duran-
ceau et a10 1980; Kirby et al. 1982; Chapters 5 and 6), 
nor the failure of fragments containing the high point 
to regenerate (Bryant, 1975a; Chapter 6) 	In the polar 
MA 
coordinate model (French et a10 1976; Bryant, 1978a) the 
high point became the distal most radial level (E; see 
fig. 14) and a point from which proximal-distal posit-
ional information is measured. Experimental results 
later moved the distal most radial level to the presump-
tive distal tip of the wing disc (Haynie and Schubiger, 
1979) and the current polar coordinate model provides no 
explanation of the high point region. The cartesian 
coordinate model Cauffman and Ling, 1981) suggests that 
the lines of constant concentration of the two gradients 
X and Y bow about the high point (fig. 17) such that 
the polarity of regeneration reverses about it. This 
two-dimensional model does not measure position with 
reference to the high point. In the three-dimensional 
model (Russell and Hayes, 1980) the high point may provide 
a boundary for the third gradient, along which positional 
information would be measured. Despite these models the 
role of this high point region during normal development, 
if any, remains unclear. 
The results presented in this thesis suggest that 
pattern regulation in the imaginal wing disc is a result 
of local cell-cell interactions between normally non--  - 
adjacent cells apposed by wound healing. These interac-
tions result in localized cell proliferation and the 
formation of intermediary structures by intercalation. 
Unfortunately nothing is known of the interactions 
involved. 
7.5 Further Experiments. 
Clonal analysis. This technique should permit the 
analysis of some of the cellular events occurring during 
pattern regulation in the wing disc: the origin and 
number of cells forming the blastema; location of the 
blastema is it restricted to only one wound edge ?, 
or to a particular region of the wound edge(s) ?, does 
the blastema shift its position in relation to the old 
cells during regulation ?; are any lineage restrictions 
imposed on the blastema?; what is the cellular ancestry 
of anomalous pattern elements produced during regulation, 
i0e0 duplicated structures in predominantly regenerating 
fragments and regenerated structures in predominantly 
duplicating fragments ? By applying clonal analysis to 
both members of a complementary pair it would be possible 
to tell whether identical processes 	occur, 	during 
regeneration and duplication. A number of these points 
have already been answered in other discs (leg and genital 
disc), but they need to be confirmed in the wing disc. 
In the delayed wound healing experiment (Chapter L), 
clones initiated in cauterized discs during the first 
two days of culture, should make it clear whether or not 
any cells produced during this period contribute to new 
pattern elements. 
Histology. This would show whether cells 
which replicate their DNA subsequently divide. The 
dimensions of the blastema, e0g0 how many cells from the 
wound edge does the blastema extend ?, could be establi-
shed. 
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Electron microscopy. These techniques (SEN and TEN) 
would allow a detailed description of the cellular 
processes involved in wound healing in cauterized discs 
(are they different from those observed in cut discs ?), 
allowing the time when wound healing is complete to be 
accurately established. SEN should allow the mode of 
wound healing in many cut fragments to be established. 
Grafting. This would allow a closer study of the cell-
cell interactions involved in pattern regulation, since 
the cells apposed during wound healing could be controlled. 
Grafting would be particularly useful if coupled with 
in vitro culture techniques. Unfortunately grafting tech=-
niques in imaginal discs are very crude (Haynie and Bryant, 
1976), not allowing much control over which cells are 
apposed, and in vitro culture techniques do not permit 
pattern regulation although progress is .being made (Shearn 
et a10 1978; Fain and Schneiderman, 1979) Precise graf-
ting techniques were attempted in this laboratory with 
limited success (S0 Roberts, pers0 comm.,), the major 
problem was that wound edges healed back upon themselves 
rather than with an apposed wound edge. This may have 
resulted from the fragments used, these fragments normally 
heal irregularly and may be overcome by using fragments 
which heal regularly. However, there was an additional 
problem, in the few cases where two fragments healed 
together wound healing was not stable, attempts to implant 
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Is Regeneration in Drosophila the Result of Epimorphic Regulation? 
Leslie Dale and Mary Bownes 
Department of Molecular Biology. University of Edinburgh. Kings Buildings, Mayfield Road. Edinburgh EH9 3JR, Scotland 
Summary. It has been known for many years that 
when a wing disc of Drosophila is bisected, and the 
fragments cultured in adult females, regulation occurs 
and either a complete disc is regenerated or the frag-
ment is duplicated. We have investigated how this 
regeneration process occurs. To establish which cells 
contribute to the regenerate, and thus determine if 
regeneration is the result of epimorphic regulation, 
fragments of discs, after culture in an adult for one 
to five days. were exposed to 3 H-thymidine to label 
replicating cells. Imaginal discs, both whole and as 
regenerating fragments, undergo some DNA replica-
tion which is distributed throughout the disc, but 
cut discs frequently show clusters of labelled cells 
around the wound, indicating that regeneration is 
probably epimorphic. 
Key words: Epimorphic regulation - Drosophila 
Imaginal discs. 
Introduction 
When fragments of the imaginal discs of Drosophila 
are cultured in the abdomens of adult females prior 
to metamorphosis in a larval host, they grow by cell 
division. The result of this growth is either the regen-
eration of structures removed by fragmentation or 
duplication of those structures already present in the 
fragment. The type of regulation observed (regenera-
tion or duplication) depends upon the position of 
the cut. and the amount of regulation depends upon 
the length of time allowed for growth before meta-
morphosis. If both fragments of a bisected asymmet-
ric imaginal disc are allowed to grow, usually one 
fragment will regenerate and the complementary frag-
ment will duplicate. This has been observed in the 
first leg disc (Schubiger 1971). the second leg disc 
(Bryant 1971), the wing disc (Bryant 1975), and the 
haltere disc (van der Meer and Ouweneel 1974). The 
regulative behaviour of complementary fragments has 
been explained in terms of' a polar coordinate model 
proposed by French et al. (1976). This model suggests 
that regulation in imaginal discs is an epimorphic 
process whereby cells close to the wound give rise 
to the regenerate, rather than the whole disc becoming 
reorganised (niorpha Ilactic regeneration). The evi-
dence for this suggestion is mainly derived from the 
results of clonal analysis studies of duplicating and 
regenerating disc fragments (Ulrich 1971: Postleth-
wait et al. 1971, Schubiger et al. 1979: Girton and 
Russell 1980). 
Wildermuth (1968) has previously carried out an 
autoradiographic study of duplicating labial discs and 
found that labelled nuclei were scattered over the 
disc. However, these discs were squashed under a 
coverslip and this may have obscured any localisation 
of label. In this study we have attempted to analyse 
the distribution of labelled nuclei in regenerating disc 
fragments, to determine if the cells undergoing DNA 
replication, and presumably cell division, are indeed 
localised around the wound. 
Materials and Methods 
Alainienam c of Stocks 
Wild-type larvae of the Oregon-R strain were used as donors and 
hosts. The stocks and the host adults were maintained at 25° C 
on a standard cornmeal, sugar. yeast and agar medium. 
Preparation of Imaginal Discs 
Wing discs from mature third instar larvae were dissected in 
Ringer's solution (Chan and Gehring 1971). They were either left 
intact or cut with tungsten needles to generate one of the fragments 
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In Vitro Labelling of Replicating Cells 
Whole and fragmented wing discs were implanted into 4-day-old 
fertilised wild-type Oregon-R females and allowed to grow from 
I to 5 days. The discs were then dissected out and cultured 
in a moist chamber for 30 min in a cavity slide containing 50 f.d 
of Ringer's solution and 5 ll of 3 1-I-thymidine (I mC'i/rnl) to label 
the cells undergoing DNA replication. The discs were then given 
two washes of 5 min each in Ringer's and transferred to a slide 
coated with P , , Bovine Serum Albumen. The slides were dried 
for I h. fixed in ethanol: acetic acid (3: I) for 5 mis, dried for 
a further 30 min and then dipped in Ilford KS nuclear emulsion. 
The slides were maintained at - 20° C for I week, then developed 
in Kodak 1)19 for 3 miii, rinsed in distilled water, placed in Ilford 
stop bath for 30 s and fixed with Kodak rapid fix for I /2  mm. 
then washed in running tap water for 10 min and dried at room 
temperature. Labelled nuclei were counted using a Zeiss photomic-
roscope. 
Results 
The number of nuclei labelled with 3 H-thymidine in 
both whole and fragmented wing discs is extremely 
variable for each culture period (Table 1), it result 
expected since the time taken for DNA replication 
is a small part of the cell cycle and in this experiment 
the discs were only labelled for a short period of 
time. Late 3rd instar imaginal discs are still undergo-
ing much DNA replication (Table I Fig. 4a); how-
ever, this decreases during culture in the abdomen 
of an adult female (Table I Fig. 4c). To determine 
the distribution of labelled nuclei in whole and frag-
mented discs, the discs were divided into several re-
gions of equal size along the ventral to dorsal axis 
(Fig. 2). The number of labelled nuclei found in each 
region was then counted and their distribution pre-
sented in Fig. 3. It can be seen that the distribution 
of labelled nuclei in whole and fragmented discs is 
quite distinctive. In whole discs they are scattered 
over the entire disc surface for all culture periods 
(Fig. 3 a-f). whereas in fragmented discs many of' the 
labelled nuclei are found to he clustered in the region 
of the wound (Figs. 3g-1 and 4d-f). This is particularly 
true of regenerating fragments which have been cul-
tured from 2-4 days. It appears, therefore, that in 
regenerating disc fragments most cell division is oc-
curring in the region of the wound, whereas in whole 
discs, cell division is evenly distributed throughout 
the disc. 
We also analysed the distribution of labelled nu-
clei in individual discs. Whenever more than 40% 
of the labelled nuclei occurred in any region of the 
disc they were regarded as being a cluster. In whole 
discs no clustering occurred until the fourth and fifth 
days of culture when two examples. one in each cul-
ture period, were observed. Both of' these examples 
had just over 40% of the labelled nuclei in a region 
approximately half-way along the ventral to dorsal  
axis (region G in Fig. 2a). In all the fragments tested 
(Fig. 1) clustering was observed in some of the discs 
after just one day of culture and all these clusters 
occurred in the region of the wound. After 5 days 
of culture clustering of labelled nuclei around the 
wound was no longer observed in both the 06 and 
28 fragments, whereas in the CADH fragment cluster-
ing of labelled nuclei was observed after 7 days of 
culture. The duration of clustering around the wound 
Table I. Number of labelled nuclei in cultured wing discs 
No. of 	Type of 	 No. of 	Mean no. of 
days disc 	 discs labelled nuclei 
cultured 	scored scored 	± standard deviation 
0 d Whole 25 515±220 
06 fragment 14 265+ 	78 
I d Whole 24 195± 177 
06 fragment 21 82± 58 
2 d Whole 10 60± 29 
06 fragment 24 45± 29 
3d Whole 20 6± 	10 
06 fragment 14 23± 24 
4d Whole 14 54± 46 
06 fragment IS 19± 	IS 
5d Whole 13 29± 	31 
06 fragment 20 21 ± 	30 
Fig. 1 a—d. Schematic drawings of the fate 3rd instar wing imaginal 
disc. The solid lines represent the cuts used to generate the frag-
ments used in these experiments. 1-latched regions were discarded 
after cutting leaving the experimental fragments. a Cut along fold 
2 to generate the 28 fragment. b ('Ut along fold 6 to generate 
the 06 fragment. c The two cuts used to generate the CADH (cut 
anterior dorsal hinge) fragment. d The two cuts along line D and 
Cold 3 1 / 2 used to generate the large 3/4  fragment 











(a) 	 (b) 
Fig. 2. a Schematic drawingof the late 3rd instar sing disc indicating 
the 9 regions into which each disc was divided. b Schematic drawing 
of an 06 fragment of the late 3rd instar wing disc indicating the 
6 regions into N% hich each disc was divided. The number of labelled 
nuclei in each region. in both whole and fragmented discs. were 
counted 
(9) 
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Fig. 3 a— 1. The distribution of labelled nuclei in whole and frag-
mented discs. Ordinate= percentage of labelled nuclei; Abscissa= 
the regions into which each disc was divided (Fig. 2). a Distribution 
of labelled nuclei in whole uncultured fragments. b—f Distribution 
of labelled nuclei in whole discs cultured from 1-5 days respectively. 
g Distribution of labelled nuclei in uncultured ((6 fragments. 
h—I Distribution of labelled nuclei in 06 fragments cultured from 
I-S days respectively 
of the 3/4  fragment was not tested. As with whole 
discs clustering of labelled nuclei in fragmented discs 
occasionally occurred in regions some distance away 
from the wound. However, these clusters never con-
tained more than 50% of the labelled nuclei. In frag-
mented discs cultured for 4 days. but not 5 days. 
many of the clusters which occurred in the wound 
region contained more than 70% of the labelled nu-
clei. Table 2 shows the frequency with which cluster-
ing of labelled nuclei occurred in the region of the 
wound for the fragments shown in Fig. I. 
Most of the clusters of labelled nuclei that were 
observed occurred in bands along the length of the 
wound (Fig. 4 d-1) and the width of these bands 
ranged from 16 i to 54 p. the average width being 
31 l'•  This corresponds to a range of approximately 
4 to 13'/ 2 cell diameters, the average being 8 cell 
diameters (assuming an average cell diameter of 4 t 
for the cells of the columner disc epithelium (Poodry 
and Schneiderman 1970). This would suggest that 
only a small number of cells from around the wound 
are contributing to the regeneration process. 
It is possible that the observed clustering is just 
a local response to wounded cells and is not specific 
to the regeneration process. We therefore damaged 
cells by cutting half-way along the line used to make 
the 28 fragment, and allowed these discs to remain 
in culture for either one or two days before in vitro 
labelling with 3 H-thvrnidine. There was no evidence 
of clustering in these discs, indicating that the cluster-
ing of replicating cells in regenerating wing disc frag-
ments is a specific part of the regeneration process. 
Discussion 
Recent models of imaginal disc regeneration have as-
sumed that this is an epimorphic regulation process 
(French et al. 1976). We have shown that for regener-
ation of several fragments of a wing disc, replicating 
cells do cluster around the wound during regenera-
tion. This is exactly what one would expect if the 
cells closest to the wound were stimulated to replicate 
their DNA and then undergo mitosis to contribute 
to the regenerate. It cannot, however, he assumed 
that these are the only cells which contribute to regen-
eration since there is a background of cells undergoing 
DNA replication in the whole disc. 
The only study previously undertaken of autora-
diographically labelled cells in regeneration was using 
the labial disc (Wildermuth 1968). This work cannot 
be compared directly with our analysis since the labial 
disc is irregular and duplicates when cultured whole, 
whereas other discs fail to regulate in this way. No 
studies of cut labial discs were made. It was also 
necessary to develop a technique of fixing and drying 
the discs such that the grain counts could be made 
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Fig. 4 a—I. 3 F1-thymidine labelled 
maginal discs, a Whole late 3rd instar 
disc. uncultured, showing many labelled 
nuclei (In) distributed over entire disc. 
h 06 Fragment. uncultured. showing 
many labelled nuclei distributed over 
Cg 	entire disc. c Whole disc, cultured for 2 
days. showing few labelled nuclei 
distributed over entire disc. d 28 
Fragment, cultured for 2 days. showing 
that most of the labelled nuclei are 
elustered (cg) in the wound region. e 06 
I ragment, cultured for I day, showing 
nit most of the labelled nuclei are 
Jtistered in the wound region. f 
r:igment. cultured for 2 days. showing 
nit most of the labelled nuclei are 
:Itistered along the length of the wound 
without first squashing the discs; the techniques used 	level of DNA replication rather than measuring ml- 
in the analysis of' the labial disc; with squashing the totic divisions, which would perhaps he more accurate 
overall morphology of' the structure is lost and the 	but would require squashing of the disc. 
location of grains cannot be established. This is also The results presented in Table 2 indicate that 
why it is necessary to analyse regeneration at the 	DNA replication is occurring in cells around the 
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fable 2. Autoradiographic analysis of fragments of the imaginal discs of Dro3op/iik, 
No. al 06 Fragment 28 Fragment CADH Fragment 3/4 Fragment Whole disc 
days 
cultured Total no. ° o Showing' Total no. % Showing Total no. % Showing Total no. N Showing Total no. % Showing 
discs clustering discs clustering discs clustering discs clustering discs clustering 
Od 14 0 9 0 16 0 - - 25 0 
Id 20 20 24 13 25 20 20 25 24 0 
2d 24 33 13 31 14 50 8 25 10 0 
3d 14 43 18 33 21 48 - - 20 0 
4dh 15 20 16 13 14 50 - - 14 0 
5dC 20 0 14 0 13 IS - - 3 0 
o showing clustering (more than 40% of labelled nuclei) around the wound 
Due to appearance of clusters of labelled nuclei (up to 50% 0!' labelled nuclei) in regions some distance from the wound, only 
clusters containing more than 70% of the labelled nuclei in the wound region are included in these data 
wound after just 1 day of culture in all the disc frag-
ments studied. Since this does not occur when the 
wing disc is cut but no tissue is removed, our data 
suggest that the observed localisation of label is a 
response to the removal of tissue and is a specific 
part of the regeneration process. Reinhardt et al. 
(1977) have studied wound healing in various frag-
ments of the wing disc using the scanning em. and 
have found that the wounds of all these fragments 
heal during the first two days of culture. This indicates 
that the apposition of cells from different positions 
in the disc, brought about by wound healing, may 
initiate both the observed localisation of labelled nu-
clei and the subsequent regeneration of missing struc-
tures (French et al. 1976). However, we have recently 
shown that delaying the time at which the wound 
heals in wing disc fragments, does not delay the local-
isation of labelled nuclei around the wound in these 
fragments (Dale and Bownes, in preparation). We 
suggest that wound healing is not required to initiate 
localised DNA replication in cells surrounding the 
wound When tissue is not removed after cutting the 
wound heals very quickly (Reinhardt et al. 1977). 
Since this results in no localisation of label, it seems 
that the establishment of normal cell contacts by cells 
next to the wound inhibits the initiation of DNA 
replication in these cells. 
The observed localisation of DNA replication 
around the wound occurs at the same time as the 
re-establishment of pattern elements in wing disc frag-
nients. Regeneration of both the 28 and 06 fragment 
is completed by the fifth day of culture (James et al. 
1980: Dale and Bownes, unpublished results) and no 
clustering of labelled nuclei occurs around the wound 
after 4 days of culture (Table 2). The CADH fragment 
still shows clustering of label around the wound after 
5 days of culture and this can be equated with the  
unusual regulative properties of this fragment (Dale 
and Bownes. in preparation). 
Clonal analysis of both duplicating and regenerat-
ing disc fragments (Ulrich 1971: Postlethwait et al. 
1971 Schuhiger et al. 1979: Girton and Russell 1980) 
indicate that the new pattern elements established by 
regulation are derived from a small, but rapidly divid-
ing group of cells. These analyses also indicate that 
very little cell migration occurs during pattern regula-
tion and that the proliferating cells are localised in 
the region of the wound. Our results confirm most 
of these observations and indicate that regulation in 
imaginal discs is indeed an epimorphic process. 
This research was supported by the Science Re-
search Council. 
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Wound Healing and Regeneration in the Imaginal Wing Disc of Drosophila 
Leslie Dale and Mary Bownes 
Department of Molecular Biology. University of Edinburgh. King's Buildings, Mayfield Road. Edinburgh EH9 3JR. Scotland 
Summary. When complementary fragments of an imaginal disc 
of Drosophila are cultured for several days prior to metamorpho-
sis. usually one fragment will regenerate while the other will dupli-
cate. It has been proposed that wound healing plays an important 
part in disc regulation (French et al. 1976: Reinhardt et al. 1977) 
by initiating cell proliferation and determining the mode of regu-
lation. We tried to delay the wound healing process by leaving 
a region of dead cells between the wound edges. In "06" frag-
ments (Bryant 1975a) wound healing has occurred after 1-2 
days of culture and the regeneration of missing structures after 
2-4 days of culture. We observed that leaving a region of dead 
cells between the wound edges delays both wound healing and 
the regeneration of missing structures by 2 days. 
When disc fragments are cultured in female abdomens and 
then exposed to 3 H-thymidine to label replicating cells, then 
the label is found to be localised around the wound. We observed 
that delaying wound healing does not delay this localisation 
of labelled nuclei indicating that wound healing may not he 
required to initiate DNA replication. 
Key words: Wound healing -- Regeneration - Imaginal discs 
-- Drosophila 
Introduction 
When complementary fragments of the imaginal discs of Dro-
sophila are cultured in the abdomens of adult females, usually 
it is found that one fragment regenerates the missing structures 
while the other fragment duplicates those structures already pres-
ent(Schubiger 1971 : Gehring 1972: Van der Meer and Ouweneel 
1974: Bryant 1975a. h). The behaviour of complementary frag-
ments has been explained in terms of the polar coordinate model 
proposed by French et al. (1976). It is proposed that a disc 
determines its complement of positional values by the interacting 
of normally non-adjacent cells. Haynie and Bryant (1976) have 
shown that the regulative behaviour of fragments of the wing 
disc can be altered by mixing them with fragments from different 
regions of the same disc. In this way fragments which normally 
duplicate can be induced to regenerate. They suggest that this 
regeneration is induced by the interaction of cells with widely 
disparate positional values. 
Reinhardt et al. (1977) have shown that cell contact in frag-
ments of the mature wing disc is brought about by the process 
of wound healing which occurs during the first two days of 
culture. During the first few hours of wound healing the epitheli-
umn curls towards the peripodial membrane with which it be- 
comes loosely associated along the whole length of the wound. 
This is followed by contraction of the wound edge leading to 
the closure of the wound and the apposition of epithelial cells 
from formerly disparate positions in the disc. If such cell contact 
is required to initiate the replacement of missing positional values 
by intercarlary regeneration (French et al. 1976), then delaying 
the establishment of cell contact between living cells from dispa-
rate positions should delay the replacement of these values and 
hence delay the reappearance of missing structures during regen-
eration. We aimed to delay the wound healing process by leaving 
a group of dead cells between the two wound surfaces. The 
cells were killed by microcautery of the presumptive ventral 
hinge region of the mature wing disc and the effects of the 
procedure on the subsequent regeneration of this region was 
observed. 
Recently we have observed that regenerating fragments of 
the mature wing disc show a localised clustering of 3 H-thymidine 
labelled nuclei around the wound surface and that this localisa-
tion occurs after just one day of culture (Dale and Bownes 
1980). Whether this localisation of labelled nuclei is induced 
by wound healing was also tested. 
Materials and Methods 
Oregon-R "wildtype" flies were used for most of these experiments. 
both as hosts and as donors. In the mixing experiment we also used 
larvae of the genotype chonr(e) . multiple ring hairs (mit/i) ( Lindsley 
and Grell 1968). All the cultures were maintained at 25° C on a corn-
meal-veast-sugar-agar medium. 
Imaginal discs were dissected from late 3rd instar larvae. 120 h 
after oviposition, into a Ringer's solution (Chan and Gehring 1971) 
where they were either microcauterised or cut into the required frag-
ments (Fig. I) using electrolytically sharpened tungsten needles. The 
disc fragments generated by both procedures were either injected direct-
ly, into 3rd instar larvae to induce metamorphosis immediately, or 
cultured in the abdomens of mated adult females for 1-7 days prior 
to inducing metamorphosis (Ursprung 1967). All implants were dis-
sected from newly eclosed flies in 70% alcohol and mounted between 
coverslips in Gurrs water mounting medium. 
Microcautery was carried out using a fine tungsten needle mounted 
on a micromanipulator and connected to a variable voltage source 
(Bownes and Sang 1974). The needle was heated to 70° C and calibrated 
by using paraffin wax of known melting point. Discs to he cauterised 
were placed in a thin film of Ringer's solution and then cauterised 
in the presumptive ventral hinge region of the epithelial layer. This 
region is located at the upper end of the late 3rd instar wing disc 
(Murphy 1972: Bryant 1975 a: Fig. I). After metamorphosis we scored 
the following live structures From this region: yellow club (YC). proxi-
mal ventral radius (PVR). pleural wing process (PWP), pleural scierite 
(PS), and axillary pouch (AP). 
0340-0794/81/0190/0185/S0l .20 
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Immediately after microcautery discs were placed in a solution 
of trypan blue which stains dead cells blue, thus enabling us to estimate 
the extent of cell death induced by microcautery. If the region of 
cell death was larger or smaller than that indicated in Fig. 3a then 
the discs were discarded. Within the region of cell death all cells 
appear to take up trypan blue indicating that they have all been killed. 
This is also suggested by the failure of these cells to differentiate 
any adult structures (see Table 2). After culture microcauterised discs 
were restained in a trypan blue-neutral red solution; dead cells at 
the surface of the disc were stained a dark purple-blue colour and 
can easily be distinguished from dead cells in the disc lumen which 
remain blue in colour. Wound healing is assumed to have occurred 
when either none or very few dead cells are stained a dark purple-blue 
colour. 
In the mixing experiment fragments were mixed using the method 
of Nothiger (1964) as modified by Haynie and Bryant (1976). 
Autoradiography was carried out using the method of Dale and 
Bownes (1980). 
Results 
Regeneration in 06 Fragments 
The frequency of wing disc structures in 06 fragments (see Fig. 
I  after immediate metamorphosis or after culture for 1-7 days 
prior to the induction of metamorphosis is shown in Table I 
In immediately metamorphosed fragments ventral hinge struc-
tures are completely absent in all but one implant. containing 
YC and PVR. Upon culturing the 06 fragment it was found 
that the wound healed in a similar time period to that found 
for other wing disc fragments by Reinhardt et al. (1977). i.e., 
the wound heals during the first two days of culture. When 
cultured 06 fragments are metamorphosed it is found that the 
occurrence of ventral hinge structures is dependent upon the 
length of culture (Table I, Fig. 2). 
The first increase in the frequency of ventral hinge structures 
in cultured 06 fragments occurs after 2 days of culture and 
the maximum frequency is achieved after 4 days (Table I. Fig. 
Between day I and day 4 of culture the number of implants 
containing ventral hinge structures increases from 6% to 71%, 
the greatest increase in frequency occurring between day 3 and 
day  (20%-7l°/o. Fig. 2). 06 Fragments cultured for more than 
4 days do not show any further increase in the frequency of 
ventral hinge structures indicating that regeneration is complete 
after this period of culture. Many of the implants do not regener-
ate all five ventral hinge structures. Between days 4 and 7 of 
culture only 45% of implants do so, the maximum being 55% 
after day 5. A statistical analysis of the data in Table I shows 
that the first significant increase in the frequency of ventral 
hinge structures occurs between days 3 and 4 of culture (Table 
 
Fig. I a. b. Schematic diagrams of the late 3rd instar wing disc. a Indi-
cates the position of presumptive adult cuticular structures, after 
Bryant (1975a). Abbreviations: PWP pleural wing process. PS, pleural 
sclerite: AP. axillurv pouch; YC, yellow club: PVR. proximal ventral 
radius: rWB. ventral wing blade: dWB, dorsal wing blade. TR, triple 
row: DR, double row: PR, posterior row: AL. alar lobe: AC, axillary 
cord 5cc!, dorsal sensilla campaniformia: .4.S'I. axillary scterire I 
Teg, tegula. The solid tins' labelled vh indicates the limits of the 
ventral hinge region. b The location of the cuts used to generate the 
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length of culture (days) 
Fig. 2. Regeneraiion of ventral wing hinge structures after in vivo 
culture of 06 fragments ( ) and microcaulerised discs (A). Ordinate= 
frequency of implants containing one or more ventral hinge structures. 
Abscissa=number of days cultured in an adult female abdomen 
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Regeneration in 1sf ic'roeaule,'i.ced Disc's 
Microcauterv of the presumptive ventral hinge region of the 
wing disc resulted in most of the structures being deficient when 
the discs were immediately metamorphosed. The only exception 
was one implant which contained two of these structures. YC 
and PVR. The frequency of scored structures in metamorphosed 
discs previously cultured from I 7 days in adult female hosts 
is shown in Table 2. 
Before microcauterised discs were metamorphosed they were 
examined under the dissecting microscope to estimate the extent 
of wound healing in each disc (see Materials and Methods). 
In microcauterised discs wound healing was found to he variable.  
occurring between day 2 and day 4 of culture, During wound 
healing in these discs contact between the wound edges is estab-
lished by displacing the dead cells into the disc lumen. 
The data presented in Table 2 and Fig. 2 suggest that regener-
ation in microcauterised discs is not occurring during the first 
3 days of culture, but that it may have started by day 4 of 
culture. Variahtlitv in the frequency of ventral hinge structures 
in metamorphosed implants may be due to the microcautery 
technique, but variability in wound healing may also he involved. 
After metamorphosis of implants previously cultured in vivo 
from 3 to 7 days the frequency of implants containing ventral 
hinge structures increases from 17% to 88% (Fig. 2). The greatest 
Table I. Percentage of structures present after culture of 06 fragment 
Structures 	Culture period (days) 
0 1 2 3 4 5 6 7 
Notum 100 100 100 87 100 100 100 100 
WB 100 100 tOO 100 100 100 100 100 
Teg 94 82 92 93 90 100 100 88 
ASI 100 100 100 100 95 100 94 67 
Scd 94 100 92 93 90 100 83 71 
Costa 100 82 100 73 90 89 94 75 
T  69 71 75 53 90 78 94 71 
1)R 25 6 17 40 71 61 89 67 
PR 63 71 58 33 81 78 83 63 
AL 69 82 63 60 81 83 67 46 
AC 100 88 79 67 95 94 89 79 
YC 6 0 8 20 62 50 61 71 
PVRI 6 6 17 20 71 56 67 71 
I'WB 0 0 4 20 62 61 72 54 
PSI 0 0 4 20 52 61 61 50 
AP 0 0 4 20 48 61 61 50 
No. of 
implants 	16 	17 	24 	15 	21 	18 	18 	24 
Indicates ventral hinge structures 
Table 2. Percentage of structures present after culture of microcauter-
sed discs 
Structures 	Culture neriod (davs) 
0 	I 	2 	3 	4 	5 	6 	7 
Notum 94 88 100 100 94 100 92 88 
W B 100 100 100 100 100 100 100 100 
Tea tOO 82 94 100 94 91 75 88 
AsI 100 88 94 100 100 96 83 88 
Scd 76 94 94 83 89 83 75 75 
Costa 35 100 75 61 61 52 58 69 
TR 53 88 50 72 50 61 58 94 
DR 65 24 13 56 44 48 42 81 
PR 82 88 69 78 67 48 58 67 
AL 76 88 63 67 44 48 50 38 
AC 88 100 88 94 72 87 50 81 
YCI 6 IS 6 17 17 26 42 69 
PVR 6 18 6 II 22 26 42 75 
PWB 0 6 0 17 6 22 50 75 
PSI 0 6 0 6 6 17 50 75 
AP 0 6 0 II 6 22 50 75 
No. of 
implants 	17 	17 	16 	18 	IS 	23 	12 	16 
Indicates ventral hinge structures 
increase in the frequency of ventral hinge structures occurs be-
tween days 5 and 6 (30% to 50%) and days 6 and 7 (50% 88%). 
The fraction of implants in which regeneration is complete in-
creases steadily from 6% after day 4 of culture to 63% after 
day 7 of culture. A statistical analysis of the data presented 
in Table 2 shows that the first significant increase in the fre-
quency of ventral hinge structures occurs after 6 days of culture 
(Table 3). 
A comparison of the data presented for regeneration in meta-
morphosed implants of the 06 fragment and the microcauterised 
disc (Tables I 3, Fig. 2) indicates a clear difference in the time 
during culture when most of the regeneration of ventral hinge  
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Table 3. Statistical analysis of the data by 2  test 
Regeneration of ventral hinge structures (see Table I) 
Days 06 Fragments Microcauteriscd discs 
com- 
pared YC PVR PWP PS 	AP YC PVR PWP PS AP 
0- 1 - 	- - - 	- - - - - - 
0-2 - - - - - 0 0 0 0 0 
0 . 3 - 	- - - 	- - - - - - 
0-4 + + + + 	+ 0 0 0 0 0 
0-5 + 	+ + + + - - - - - 
0-6 0 0 0 0 	0 - - + + + 
0-7 0 	0 0 0 	0 + + + + + 
3-4 + + -f- - - 0 0 0 0 0 
3-5 - 	- ± + 	± 0 0 0 0 0 
5-6 0 0 i) 0 	0 - - - - - 
5-7 0 	0 0 0 	0 + + + + + 
6-7 0 0 0 0 	0 - - - - - 
 Comparison of regeneration in 06 fragments and microcauter- 
ised discs (see Tables I and 2) 
Days compared YC PVR PWP PS AP 
3-3 - - - - - 
4-4 + + + + + 
5-5 - - ± + + 
6-6 - - - - - 
- Indicates compared results not significantly different 
± Indicates compared results significantly different (P<0.05) 
0 Indicates data not compared 
structures is occurring. In 06 fragments regeneration occurs be-
tween da\ 2 and day 4 of culture. whereas in microcauterised 
discs regeneration occurs between day 4 and day 7. 
In microcauterised discs the process of wound healing also 
appears to be delayed by I to 3 days when compared to the 
process of wound healing in cut fragments. It appears that in 
comparison to cutting. microcautery delays both regeneration 
of the missing structures and the process of wound healing and 
it is therefore reasonable to conclude that under these conditions 
wound healing is a pre-requisite for the regeneration of missing 
structures in the wing disc. 
Mixing 
It has been shown that heavily X-irradiated cells retain the ability 
to provide positional signals for up to 2 days after irradiation 
and can stimulate disc regulation (Wilcox and Smith 1977: Adler 
and Bryant 1977). If cells killed by microcauterv also retain 
this ability, then we would not expect regeneration to occur 
in our experiments until the cells have lost that ability or van-
ished. This could explain the observed delay in regeneration 
after inicroeautery of the presumptive ventral hinge region of 
the wing disc. To test this possibility microcauterised wild type 
68 pieces were mixed with e/mi/l 02 pieces (Fig. I) and then 
cultured in adult female abdomens for 7 days prior to inducing 
metamorphosis. 
In this experiment we only counted implants in which the 
dead cells of the 68 fragment remained in contact with the living 
cells of the 02 fragment after 7 days of culture. This was necessary 
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Fig. 3. a Late 31d instar ving disc shisting rcgu'tl ol cc 	 \ .ttici 	 Ici 	 hinge region. 
b Autoradiograph of an 06 fragment showing clusters ol IieI IILIIICI i,gi around the n ound at tel I da\ 	1 ott ore. C. iJ \titoradiographs 
of mierocauterised discs alter I day of culture showing clustering of labelled nuclei (cg) around the region of cell death (ed) 
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interact with each other. The microcauterised 68 piece failed 
to induce regeneration in any of the 8 implants obtained in 
this experiment, whereas in control experiments (wild type 68 
fragment mixed with e/rnich 02 fragment) 5/9 implants were in-
duced to regenerate. This suggests that microcauterised tissue 
does not retain any positional signals and therefore the delay 
in regeneration observed after microcautery cannot be explained 
by assuming that the cauterized cells still signal their existence 
to their neighbours but fail to produce hinge cuticle during meta-
morphosis. 
A utoradiography 
When fragments of late 3rd instar wing discs are labelled with 
3 H-thymidine after culture in adult female abdomens, the label 
is found localised close to the wound (Dale and Bownes 1980; 
Fig. 3). This indicates that the cells closest to the wound give 
rise to the regenerated structures of the wing. In all the fragments 
tested in Dale and Bownes (1980) the localised label is observed 
after just 1 day of culture, when the first cell contacts have 
been established between the wound edges (Reinhardt et al. 
1977). To test whether wound healing is required for this localisa-
tion of label around the wound, microcauterised discs were cul-
tured in adult female abdomens from 1-7 days prior to labelling 
with 3 H-thymidine and autoradiography. The results of this ex-
periment are presented in Table 4. It is clear from this table 
that microcautery of the presumptive ventral hinge region of 
the wing disc does not delay the localisation of label around 
the wound edge which occurs after I day of culture in both 
cut and microcauterised dics (Fig. 3). Since wound healing does 
not occur until at least the second day of culture this suggests 
that wound healing and the cell-cell contact it mediates between 
viable cells is not required for the initiation of DNA replication 
around the wound. it is not known at present whether cell divi-
sion follows this DNA replication immediately or whether the 
division actually requires wound healing. 
Table 4. Autoradiographic analysis of DNA-replication in cut and 
microcauterised wing discs 
Period of 	Type of disc implanted Total % of discs 
culture number showing 
in an adult of discs clustered 
(days) scored label 
06'-fragment 14 	0 
microcauterised disc 13 0 
06 5-Fragment 21 	24 
microcauterised disc 14 29 
06"-Fragment 24 	33 
microcauterised disc 13 62 
06t'-Fragment 14 	43 
microcauterised disc 17 71 
06t'-Fragment 15 	20 
microcautcrised disc 14 71 
06"-Fragment 	 20 	0 
microcauterjsed disc 	27 37 
06 Fragment 	 7 	0 
microcauterised disc 	15 20 
Microcauterised disc 15 
More than 40°4 of labelled nuclei clustered around the wound, 
see Dale and Bownes (1980) 
Data for 06 fragment from Dale and Bownes (1980) 
However, it is clear that microcautery of the presumptive 
ventral hinge of the wing disc extends the period during which 
label can he found localised around the wound by 2 days. This 
suggests that the localisation of label found after 1 day of culture 
may not be due to regeneration but may be the result of DNA 
replication in cells migrating after burns. It is known that such 
cells do divide in other insect systems (Wigglesworth 1937). This 
may also explain why after microcautery the fraction of discs 
in which localised label is observed is higher than after cutting 
(Table 4). It is not known whether these cells contribute to 
the regenerated tissue. 
Discussion 
The presented results demonstrate the importance of wound heal-
ing in the regulative behaviour of mature imaginal discs. We 
have shown that regeneration of missing structures can be de-
layed by delaying the time at which the wound edges heal to-
gether. Reinhardt et al. (1977) have previously shown that when 
the mature wing disc is cut with a tungsten needle then the 
resulting wound heals during the first two days of culture. We 
have observed this to be the case in the 06 fragments that we 
used. Microcautery of the presumptive ventral hinge region 
left a region of dead cells between the wound edges and this 
was found to prevent wound healing until at least the second 
day of culture. Most of the healing occurred during the third 
and fourth days of culture. Tables I and 2 (also Fig. 2) show 
that regeneration in microcauterised discs is delayed by 2 days 
in comparison with regeneration in cut discs, suggesting that 
wound healing is required for the regeneration of missing struc-
tures in the wing disc. 
The autoradiographic analysis of regenerating microcauter-
ised discs suggests that wound healing may not be required 
to initiate cell division around the wound. Fragments of the 
mature wing disc show both wound healing (Reinhardt et al. 
1977) and localisation of DNA replication around the wound 
(Dale and Bownes 1980) after just 1 day of culture (Fig. 3). 
In microcauterised discs, wound healing does not occur until 
at least the second day of culture. However, in these discs DNA 
replication can be seen to be localised around the wound after 
just I day of culture (Fig. 3). 
After cautery of the abdominal segments of hemimetabolous 
insects, living cells migrate over the cauterised region and restore 
epidermal continuity. During migration the cells at the wound 
edges divide (Wigglesworth 1937). Recent evidence suggests that 
the cells responsible for wound healing change their positional 
value before epidermal continuity is restored (Wright and Lawer-
ence 1981). Whether this is true in cauterised imaginal discs 
is at present unknown. Microcautery of the imaginal wing disc 
delays both wound healing and the regeneration of missing struc-
tures by 2 days and also extends the period of localised DNA 
replication around the wound by 2 days. This suggests that 
pattern regeneration in the experiments reported here may be 
linked to cell divisions that take place after wound healing rather 
than during cell migration before wound healing. 
Reinhardt et al. (1977) have shown that during wound healing 
in the wing disc contact is first established between the columnar 
cells of the epithelium and the squamous cells of the peripodial 
membrane. Contact between these two cell layers is broken once 
contact is established between the wound edges of the epithelium. 
The contact between the epithelium and the peripodial mem-
brane is therefore short-lived and no junctions are formed be-
tween them (Reinhardt, personal communication). It was not 
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possible to tell whether contact was established between the 
epithelium and the peripodial membrane in microcauteised discs. 
If it did occur then this contact would have been for a short 
time only in most cases, since the epithelial margins very quickly 
start healing and thereby expel the dead cells into the disc lumen. 
Most models of regulation in imaginal discs (Bryant 1975b: 
French et al. 1976) have not considered the peripodial membrane 
as part of the regulative field, since it did not appear to differenti-
ate any adult structures. Recently evidence has been presented 
which shows that the peripodial membrane of the labial disc 
(Kumar et al. 1979) and the leg and wing disc (Guillermet and 
Mandaron 1980) does differentiate some adult structures. It is 
possible. therefore, that the peripodial membrane is part of the 
regulatory Field of the mature Drosophila wing disc and that 
contact between this layer and the epithelial layer could induce 
the localised DNA replication observed. 
The polar co-ordinate model distinguishes between two 
modes of regulation. intercalary and distal. French et al. (1976) 
suggest that intercalary regulation occurs when cells with dispa-
rate positional values are brought into contact, in either the 
circumferential axis (Haynie and Bryant 1976) or the promimal-
distal axis (Haynie and Schuhiger 1979). Distal regeneration oc-
curs only in the proximal-distal axis and involves the regenera-
tion of distal segments from more proximal segments. French 
et al. (1976) suggest that both modes of regulation are initiated 
by wound healing. In this experiment we have only tested the 
requirement of wound healing in the initiation of circumferential 
intercalary regeneration in the wing disc and we have shown 
that it is clearly important. 
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